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INTRO.POCTION 

Introductor? material on digital cocnutere hae boon 
collected Into this volume. Reports R-115 and R-116 are papers 
given 'before winter meetings of the American Institute of Electrical 
Engineers and the Institute of Radio Englnoerg. The next five 
memorandums contain the text and illustrations of lectures given 
for the staff of the Electrical Engineering Department at H, I> T. 

The last report, R-90, dlscueeoe characteristics of tho binary 
systems of numbera. 

In considering the lecture series material, tho reader 
is also referred to volumes 1 and 2 discussing the Whirlwind program, 
volumes 5, 6, and 7 on computer block diagrams and volume 8 on 
mathematics. 
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SUBJECT■ 

The Project Whirlwind Program of 

Illustrations: 


Electronic Digital Computation 

A-30337 

A-30360 



A-30338 

A-30361 

DATE: 

Haroh 12. 1947 

A-30363 

A-30346 



A-30340 

A-30362 



A-30341 

A-30339 



Ai30342 

A-303M 



A-30343 

A-30356 



A. 30344 

A-30366 



A-30346 

A—30367 


• 

A-30347 

A-30358 

• 


A-30348 

A-30359 



A-30349 



This first discussion Is to Introduoe the nature of electronic 
digital computation and to establish the voonoulary and basic concepts 
necessary for the following series of looturea 


In the last several electrical engineering seminars, we have 
heard discussions of the differential analyser and analog computers hirst 
then, let us distinguish clearly between analog and digital type confuting 
equipment The analog computer represents numerical values by the magni¬ 
tude of a physical measurement, as for example, the voltage lu an A-C 
network; analyser or the magnitude of a oliaft rotation In the differential 
analyser. A digital conputer, an the other hand, uneo discrete numerical 
values and arithmetic type calculations. In Illustration A-3033? we see 
a collection of analog type cosputing elements A separate circuit com- 
poneat Is used for each competing operation, and we note In the illus¬ 
tration available equipment tor .be processes of addition, amplification, 
lntegrntlon, Introduction of tine delay and Inversion of signal In 
Illustration A-30338 la a typical hookup of such computing elements for 
the solution of a problea In orllnnry differential equations The 
nature of the problem Is described by the physloal clroult connections 
of the nystem- As herola Illustrated numerical values are represented by 
voltages on the Interconnecting lines The solution of a differential 
equation by this method Is theoretically exact because the ^network Is an 
exact and continuous representation of the problre to be solved However, 
praotloal and physloal limitations are Introduced by electrical noise 
level, meclienlcal backlash, circuit non-linearities, etc As a result, 
precision of one part In one thousand In good for analog equipment and 
one part In ten thousand Is perhaps the cost obtainable 
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deferring now to 11. uatratlon a- 30.563. v<a ,eo tno bloclc 
llivgram of a digital computer The physical connections of such ft 
system are permanent and not t Itt-rod for Uie problem to b> solved 
(Quantities are handled lu the computer as numerical values anc cnn be 
carried to any required number of deoirsal plnooe A digital con putor 
requires the five principal ft lotions Illustrated, The romputer solves 
mathematical, scientific, and t ugl nee ring problems by carrying out n 
series of arithmetic steps, on at a time, The arithmetic element can 
carry out the basic operations of arithmetic nnd other essential functions 
to be described later. Storay» provides the required '’mo.torj' 0 for re¬ 
taining the program which cont.-ols the onrlcn of numerical ntepr to be 
executed and llkevlne provider a means for storing partial numerical 
results during the protons of < computation 

The control slement rovldee the tic ng signals for the 
remainder of the computer Ir. operation It extracts a control order from 
storage nnd In response to the coded Information thrieln rcooapllshes the 
next required numerical step la the computation 

The Input meolirnlsm no video n coraiiur.lcatlcn means between the 
human operator and the compute-. Problems in the form of Initial data and 
controlling program will be pripared In ood6d form external to the com¬ 
puter on photographic film o* lire tape and read into the storage element 
of the counter by the Input » chan ism 

Tho output from the icmputer may be in several forts typewritten 
for Isolated results, ;raphloe . for engineering lata lending Itself to this 
method, and digital or numeric .1 as coded information on photographic 
film. This numerical lnformat .on on film can later be uaod by the 
computer Itself through the In ut device or c.-.n be 'decoded and typed by a 
transcribing unit. 

It Is readily recugn.xed from the preceding discussion that a 
digital computer Is able to do oaly computing operations that are 
possible for n human operator r.d de»k articulating machine.. In 
llluntrntlon A-303-iO la shown he correspond* ice between th> aut smile 
digital oos^juter and a mitten c tputer- The input ),o«lde« original da’s 
and Instruotions for the probl c to bn solved This infer* vt on Is 
stored In « notebook correspon .log to thn computing eneMne storage, ana 
in the notebook are likewise e tered pnrtlal numerical result i .rising 
during the operation. The coo utlug machine oorreepoeds to the arlthmc’lc 
element carrying out additions multiplications, dlvltlons and other basic 
processes. The operator nets e the ooutrolllng element to rend In 
etructlons from the notebook e orago and to enrry out the transfer of 
numerical values between etora :« and the arithmetic element Delivery 
of final results corretpondt t '.ho aiacalae output. 


I 






PPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




Memorandum No. K-62 3- * o>,f. 


» One of the oldest fo-mo of digital computing equipment 1 

Illustrated in A-3U341 lu 16 ?3 the British Government first financed 
the oonatructlon of a large sc ile automatic digital computing muohlne 
baued on mechanical operation. This machine was never oompleteil 
because of Inadequate machine .uoln and preduction facilities at that 
time. Digital com, utlng equip sent progressed through the adding 
machine, various lorms ol desk calculators, no. punched card business 
machines to the Harvard Autonn.lc Sequence Control Calculator. 

Hech/Jilcal < qulpnent la Inhere itly slew and digital cmb, utlng equl. r-sent 
has been built u-ilng rolejs, aid still faster and mors flexible equip¬ 
ment Is being designed with el ictronic circuits. 

Returning now to fur .her comparisons between analog and digital 
equipment, we note in A-30342 .he usual differential analyzer sciematlo 
for solution of a second order linear differential equation. An 
electrical simulator circuit fir the seme problem is illustrated In 
A-303-,3. The so analog method! cf solution employ a continuous llov of 
data and continuous change of 'nrtables. 

In A-30344 are shown the steps of a numerical solution for the 
second order differential equa ion with zero lamping. It le nenomed that 
all variables are known at tlm', t and the previous tine lnter'als 

t ,, t , etc. A curve for r Is first extrapolated to time t , using 
n-1 n-2 nrl 

the first formula This Is th formula for second order extrapolation 

using the value ol y a’, t and t , nnd the v.-,lue of y ot time t . The 

n Xr“i n 

second formula In then used to obtain the upper shaded area giving ho 

Increment in the curve y A a icond numerical integration for the 

lover shaded area give* the in .remont in curve y . The negative of this 

last point in uned as r. oorrec ion for the original extrapolated value 

of 7 Ir| .^. Dr loud, in his leo.ure of this series, will discuss numerical 

integration nnd Its eonvergenc con side rnt lor.» in &<.re do tall Depending 
on tie nature of the problem teratlve procedures of latogratlon and 
more elegant extrapolation and integration formulas sty be used 

As an illustration o digital computing mnorlni operation, 
let us consider the solution o. the uacond order determinant in A-30346 
Before seating uj the «olutlon of this problem, refer to A-3034? for 
greater detail In the digital ousting machine block diagram. Here 
we Illustrate the arithmetic e emeut as set Up for multlpllon tie a uolng 
the A register, AR, for the ou tlpllcnnd. the B register, BX for the 
multiplier and the accumulator register, AC lor the product :orage 
Is likewise shown divlced into rar.y separate registers numbered for 
Identification purposes in numrloai order. 
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In A-30348 lo shown the required p.-ograe tor sol lug .ho 
second order doternlnant prob em 'The Information appeal 1.ig In storage 
registers SI through SIX is a t up ahead of time on flla and read by 
the Input mechanism of the Bn- hlne Into the narree;_oi4li./ utor ,;e 
locations In the storage re lstora 31 through S4, are loot.'.* . the 
numerical values uf a. b, c, nd d representing the initial '*.» of 
the problem Storage reglate a 86 through Sll are used Jo. the roqulnd 
control orders. It should be borne In olnd that the Infer**.‘.Ion J.n a 
storage register say. dependl g on how It 1 b used, represent eithor a 
numerical value or a control rder oodsd In munarlof I tests. he step* 
In the control program are It xlgod below and are •. art-led ou in t ie o. 
In which they ap; ear In stora. e 

SB. Transfer conte .ts of register S3 to multiplier rogleter 
Bn. This Beene that the valu (h), stored la S3, la transferred to 
the anrltlpller register of th arithmetic element. 

SC-. Transfer conte ta of S3 to the reglntrr AF. and Multiply 
This oeins that the numerical value (o) Is l.-aiisferrea to the nultl- 
pllcand roglB.er of the arlth otic einnent r .d Is multiplied by the 
nunber previously transferred to the miltlpllsr At the end of thle 
operation, the product reside > In the scoumuiator register 

37. Transfer nunbe In accusulator to storage 312 This 
means that the product (be) v loh wae la the aocumulrtor 1 . traneferren 
to an empty storage register 12 We oust next form the product ad). 

36. Transfer aonte .te of 31 to multiplier register i.1 Till* 
means that the cuaerloal valu of (a) Is moved from ftomgo loiallon 
SI to the sultlpller register of the arithmetic decent 


3b Transfor conte t» of Sa to register hE aw Mult iply 
Thle Beans that the numerical value (d> is *■: aniferred to the multi¬ 
plicand register of the arlth letlc elaisat and multlfllet by (a) vnlch 
has been left In the multipll r register. At toe one of thle >peratlon 
the product lad) le In the ac usulntor reglner AC 

The next oporatlon rill be tne lodioated subtraction of 
(ai-bc). The product (ad) 1« In the nccuculator regleter AC f ad) oea 
remain In the accumulator reg eter and the next opentlon will nove 
the previously formed product 'bo) from its location In SI3 to the 
register AS 

S10 Transfer cent nte of 312 to the regleter Ad and 
subtract At the end of this operation the difference (ed-bc) Is in 
the accusulator register. 


I 
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Sll Transfer tbe c n tent a u 7 aoau'i. 

This Mans that the 1 Inal reeu t of the vomput-.t: i l'- ■ 

the K/.clilne output. 

It vlU be observed hut thn use of »,*. , • - c . or 

the partial result (tel won no necesait / since ' u : ' ai ui 

(b) In storage register S2 hoc alrmdy ion usad ud 

product might have been stored la 32s 

Such a problem ns tin previous oxaipln 1 j L. .isly toe 
simple to justify use of a lar, e scale .Igltal o. v rlo.iivsx 'any 

problems of scientific and eng-soaring . uportf>.nce Involve somputc Ions 
so extensive that the faclitti) ■ of illustration /.-o02.S tscome 
Inadequate, too expansive, too tostly, n.. . consul* n such time Vat 
the results when available are at. long* of iateroe* 

Problems too extensl e for tar nil calm ntlag mayMit col t-o: 
aro represented by the rrdlnar; ulffmreutlal eeuatlona do»srlllit{ 
servomechanisms and rinomatlo control (fittai i . ooa Ilsur , 

characteristics of circuit sleisr.tr hr vt' ash a: ■ uulont frlctioi by 
the partial differential equal: ana of i ectroiagne . o flolls and heat 
transfer; by tbe algebraic equi ttons v” car.ifi .• 1 lcivnlr repr'• 
sentl.'.s alternating current n. surra iinu utro.: .... v It rat Ion problem;; 
ani by the multiplication of as trices turn somiv.tloi of nortec Involved 
in other problems. 

file taelc operation) to be per orasd by n digital computer 
are tabulated In A 3C3fcO Tho oomputiu tolves pro in on nn erltcsetl . 
basis using tie processes of aelltlon mb traction multiplication, -ai 
division- Other oj orations vita as Int eratlon an. extraction of roots 
cr i be perforsed by series and lterativr procedures j vUl bs deei-lbed 
In tho next lecture by Hr Kverstt, be. <.nd t: ■ aaal arithmetic 
operations tve other functions, cosqparlnon fa-. tbe . jlltntlon oris, 
are essential to thi efficient \i.d fie*:ble uoe oi c Ugltal ooajutn, 

Tho oo apart sc r order Anlcoj post Ibis a choice aetwror. two a'.ternnte 
computing sequences depending c i tbs ot uoar if th< : r., -laal rs?u! « 

91 the computation Itself The substltuMon order uncos uosclble the 
Insertion of computed results Into the control' 1'g I r j. iiJS lor tho 
computation Necessity lor th* cos^Miritor. ortur era. be Illustrated 
In the handling of Coulomb friction and necessity inr tho lubevltutlon 
order o.sn ae Illustrated la the process of interpoi.r . n 

Consider first .he Cc ilomb fric tion probli m Illustrated In 
A-.30551 whore the friction fore > is Squad to or leso than a spscflied 
maximum force Acaelerntlun ol the m «< results from the Rijaatloii of 
Coulomb r.nd externally sup: l toe forces. Steps iu tie solution of this 


I 
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pro'll i »: *Xt.g coapw ion .inn t if klluatrnt;id W» • ih 

{iiTyotua of thla dlecusnlon i> euiue that v* coium > * cun cl !ll-.;ulr.. 
be two in the two or.can 

I 

1. the nuuh* • i« ;.cat*r tlien ?oro 

:• tl»e nude • Iri ic.iutX to or ’.esc than « ro 

Ueternlnp in the :rit comparison of the 11 lustration if th-t 
vnloolty la positive If so he frlotion force oqumIb nai ve 

proceed to evaluate tiie eqUutl .n. If on 'he other hand velocity 1# equal 

t.i or lens then tero we emit .lstl.iqutnh between theao two posalblll:'.<■ 

i’r.i* rid the emallent jc sa..U • 1 core cent to the velocity in order tint 

the : to velocity enne will le.one aqual to *1 If / is now lero than 

A 

or oq-ial to zero we know that ig loon then sero nm the Coulomb friction 

force equals •+i' iTlnv ’-'he nl .* x isto uoenlblllty in the Record comparlnox 

1: *.hvt V la greater tfci.-i t? > indicating that V equ-ls *tro and we 
a 

ru»t xov evaluate tho relat c i ihi.. between the applied lores and the 
daxlarui poetilble xrio.lox ford. In the third comparleon, if 1’ In 
greater than aero, wo thtn m the quantity '.1 •' ‘' this quantity 

la positive, the open i» be .nf accelerated if thlo quantity la ccro 
or nepnilve, tho force h la u iblo to overcome i,hb Co iloab friction 
force >' A final nlsillar ewrp irleon is Carrie! out If the applied 
force t in *ero or negative "he computing machine would tot eo nrrrn;cd 
that tho sequence of operas-on sao «n on would be terrainsted u 

soon in a successful nonpar.i.oi wi.b reached 

'4ie Interpolation < j jnple shown in >■ -3031-2 Illustrate e the 
need for n eubstltution o.-A»r The numerical values of uniforml} 
epaoct polnta along the nrb.'i ,ry function f^x' cun ba stared in the 
first available fli-rias ol nix tge registers aa for example S3? through 
S32 Arr-inc wo wish to use II i*ar .nterpolation 

f*x) = f(\,5 ♦ nlftx^) - r’.Xjjij ■ 

To obtain e value of the iu ic t on f x) at any value of ve oust ur.s 
eubstitution order t-> extract he ti.-cper two nu-aeriea- value* frea 
•tornje lor use In tho linc.-j nterpolntlon formula -ake for era-npls 
X“f. *u Thie information on t » value of x wan unavailable whoa tht 
problic va* set u;> eo that he controlling orev n rrunt of neoeselty 
havr been left blank Ve w..'l first separate trie whole digits from the 

fractional part of x Storii t C.-iS in register SbS Add 3? ohlch tx 

the llentlflcntloh ot the f-u-f. storage register devoted o the denlrncl 
function, to M This sun (:?■■*<) re.jresnate ,he storage register in 
which will bo found ‘.ho des.rel nuacrloal value of f^Xj,) Hi's rum Is 


» 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104 



H ror*--itnua 1 i i; 


I ;; rv»A au i .« Vlaeke vf ) a or if. a in 34 ■ 84< 

I I tavirud u ihi ir4*r <jk in ro ti4 

tbc dltinV'-ti i» ardire 3^1 Sv.!, lunl 341 ve vul now ju lt» dirt .• e >e.r ae 

o o oratlor.c 1? >c«r>let<« n.ul tpoolfio 341 trnimtV i tt»<- iiuim .»>•: 

v,-.1q« of t x. ) (n> 330 *0 ;)u rcouauletor, -C Orde M li r.efora tn& 

n rwrlonl valne of f ix g ) ' ron 129 to th». rar,: «*r *K and eoitfrc!# 

1« -vlt, lb ike iwuanUu.:' iU dlfferi".ce £ ? > f f Jilar 343 

t aniil'em tin- tnorfciccmt&l v/t-.i , n, frou 363 u the t rtgrrtar ard 
Bftltlpllea by im mine In .)*« naamoiC.'itor to cuiAln n» result Af »-ic. 
8>-4 *uii» ibo vi.of f(x ) s .nsferrii'b fdo* dtorags t^lmar S9 io 

A; whlfh '.a it thi noovaft' a .or i-C In ttM aggubuIp, to: tfttre than reatil 
lx n loal V»lw O. via ! .4 to 1/-.0 „"vv« 11m • f..tola • •. x-Z 

Rotu.xtt j, no* to 1 - dlslVtl cottin 0 : :>o«. 11 n ats v.« 0 • - i 

n c.r.gbtly oxfAftdid virsi n 3 r *~oO;s3- Hen control lift •. bar* Lv*n 

netted between ibe con .rol •!■.«» nt .-uni l*i otj: bio or if »ha ;a -pi tor 

Video fleet root.- • nlur j aro lr.nvi'.t,] over l e oji-.-o ll-.n «\4 
We digit »rn_i-'er »nw tc c: i?liid« r-.» nr! M 10 o;. ■: ••:»• ,»-« 

v .avml;/ ou .1; ad Muuorlcn v luc« will «i Vvivdlod In thi < fl md V < 

eesputere In t-u- binary eyvts »f tium ileal uutiaa 

IXliiotration A-3Q,'t4 ahowu tho eorren^ondonco Act toan -.hr 
dti'.xnl a-j'l lUrj Byr,.i*>• 1 lr . ru »»1 d thnt on ■> »• ...t- ij 

dl^lta ixlsti C Mil ) lin B miry j* n 1, l-inn vi wirotea f.e 

elooiroal; cl 'jr.li# in whlo! n ?.ero orn da rnj.rasontnj ly aOeinioo cf • 

vi l<><, jial *9 not i c.RO be raj re entvt ’ '.■« j. i.- o o vo -. :• i.'i . M 

01 by tho son'inctln? nbnte cf veetoix tvo* 9 uic* 4 j. • nsiuana ci 
Cl.v.iy ilaoei< p.ira;»'t lnaiet id|: j. .• --..if .net •■. race** :■ - 

de ;i. f.l 0 : lut 11 rop-orent u.cr irlria .tn if lr 

In —ha n v a riftull iruit or .earn: lt!ai i» 'Jtnt.rj' 
ay item Anu.:’>«r ropitnnnti in . iwarr o ta- t ie /. \ ann 

alajile laultijii’URtlon *oid nddl Ion tnbio jullnUlu for rl«v ;«vntc alec Si 

csaj'ut' .i»n . Iran’ ref . 0 ■: *.d :u 1 . ti r ■ a. 1 

. « • 

ayaten. 'July t.v licit t ml ert replral 

-wo nttba-ia cf trana. ttlrn t onry '1-. ta el -.oily nr« 

11 .ftatcuted in /-30!»ti6. t o upper 11 luatrat.no the ire$• r.c or ;i>><«nci 

of digl-a ,n t!ee enquanoe in .unt n binary ;-!t*ir by o-- .r -1 0.1 1 

th ■ pul ie nrr >1 t.ao. v. it ;«n can trani-iir . *d 'm.c 
sonduetor ** t»»» lower Uln -mlon. rarallel *tji‘. •initiinliit of i e 
iw v weaker 1/ ahnwn la thl j ixaftpla uigiti m a irie r.r ..id u*. the Date 
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tloe instant over Boparjitu cables lor •. ;n 1 r :> i.u jr 
pain?.!.al 'll/'It truramission oyeteu wil.! • ■■ n • >! ul >'I 1 
puters OeoRUfc* of the reduction In nan: tr; • t 

Illustration A-3036? shows iov a win grid .-.ujb tub ■ *.« e 

used an a gate circuit or ai n circuit .• ; - ‘ -V ’ ’»■>'■' i the 

multiplication tnole In A-UPo' 0 Hr !'■> li : v: .3 • » on^tn 

In same detail in hie lecture 

Storage of controlling . rdara ind nur.. ic la- c-f 

course, one of the most important iunu. a» • :u 

Storage for the Whirlwind 1 and v. :rl . . i li :c ;■ ti i i .rd 

in the form of electrostatic storaga ,. slti :jh ! t..: 

Is shown In A—30366 by proper o j '. : il ‘ » ic 'dr .. * an* dev. 

current, it is possible to store ;l«at:c*tntlc charges the dialectrls 

surfaco and to later read the pol il; it-r.e ciiar c ' • - 1 !■ 

circuit. Storage for satisfactory ;<j* 1 n tirt hot. ■ . . 
and good output aigial level hai t’. i In nr., if .h : :o n- 

principally associated with the o.J'f.l n jo.-, -.ry ©1* r ;* rv 
trlbvtion still remain to be solve. 

The eiie nr rating of a 3a -ga icale d .. \r ;e:.: -iter c • hi 
described by two quantities - ,he caoyv.1 .ng , v . *nc - t .or? g 

capacity, l’ho computing speed will duu-ain • lo i- the n« 1 i of i 
particular problem will require, nd the sto m\; ■ -it: - 13 train} 

the augnltude of problem which can bo r-i.dll, *: •> i vo Is cf 

storage capacity will be used In r.oei v , ui i i -.nsl 

high -speed storage .(ill provide hlgr. uj. vd i U > rdt-r arid 

numerical quantities required r or lwwdlnts • u- i • • jr- . • tsneivr 

external storage in the for* of p’_nch ./• 'l. , ho o L - aunlo 

fllii. or phosphor file 1 will be us«d . >■ .nj r. . • ".lr-. 's- 

relatively longer ties Illustration- 107: > i lur •. ome he 

more important com] ..rl sons be twee exlul .ng i '■ te.3 

computing machines The first three mtchln; co • . i i '.nr 

operation. The fourth lo in the : Inal : - o i iesti. 'rt it 

five are being planned at the present t‘ • - . orm ?d o pr>. j .>t b 

capacity of internal storage it given ■ ted >■ t t . s'i.«.t3 
Information Some of the systems Use i d-clmol 0 numerical 

notation, others a floating decUr.l ill: > . *. tr.e '-•'ir.) . stem, 

others the binary as well ns oth« v.i-i .lor 1 

of nunoer ctorags eystemn lvave br: r. convert 7 : iqu:v I. . til; ospa:: ty 
for comparative purposes Multiplier'.: ■ n i ere ajp- r lna i ; -.iesd 

an the latest available Joforonil.r jr ; tie .-c lroulto 

of the Whirlwind 1 ooaputer will uts Jr m.. :;putln.- liap.le< rat* as 
planned for the Whirlwind II Si-cs, )■.«#«» llrl »t I .ifT.juter 

will use a number length of oixte.n a.)? •/ gi n v^lc- 1« inndar ,ts 1 >r 


I 
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most mathematical work, double length multiplication la the form (a+b)(c+d) 
will bo required and four multiplications nnat be performed. This cotv 
pound multiplication will be carried out with no more program orders 
than required In the Whirlwind II computer, but more time will bo 
required for the execution of a complete multiplication. 

The Whirlwind I computer is being designed for study and 
demonstration of computing circuits and trouble shooting methods, and the 
computer will be used for mathematical research and study of engineering 
problems. Design of the Whirlwind I computer la now In progress and con¬ 
struction will begin this year, laboratory testing Is expected to continue 
through 1948, and the equipment should bo ready for mathematical research work 
In 1949. Design of Whirlwind II which Is the final large scale objective 
of this project will start as soon as possible, probably In 1948 and will . 
require relatively longer to construct and test than will the Whirlwind 1. 

Much mathematical research must be completed before a suitable 
background of Information 1s available to make proper use of a computer 
with the Whirlwind II capacity. It Is hoped that ".he foundation for thin 
research can be laid Immediately and that Whirlwind I can make valuable 
contribution to the knowledge of high-speed runner leal analysis and digital 
computation. 


Joy W. 



JWIivh 


I 
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DIFFERENTIAL ANALYZER SCHEMATIC 

fir- + B dt + cx * o 
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SIMULATOR SOLUTION OF QUADRATIC 

+ B IT + cx * 0 
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KNOWN 
^n+i = ' 

A y = 

• • 

Ay = 

yn+i = 


NUMERICAL SOLUTION 

y=-y 

: y» y, y, at t n and t n -| 
^n-i + 2 hy n 


5 ynti -f 8 yn — Yn-i 
12 

5 y n+i + 8 !/n — y n— i 


y n+i 


A 303AA 



S34 5 


A -303 


344 ; 






V303+£ 
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SOLUTION 


OF DETERMINANT 


a b 
c d 


ad - cb 


<b2,45 A 30346 
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AR - MULTIPLICAND 

\ 1 

BR - MULTIPLIER 

CONTROL 

AC - PRODUCT 


ARITHMETIC 
ELEMENT » 

l 


1 i 

♦ . 


IS! 


\S2\ 


|S3| 


!S4j 



etc. 


STORAGE 


=k 


DIGIT TRANSFER BUS 


k 




A 30347 

• • 7 *- 1 . 

<b3A5 ^-302>47 t 









PARTIAL INITIAL 

RESULTS PROGRAM DATA 
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REGISTER INFORMATION PROBLEM 

IN REGISTER 


51 —- 

52 - 

S3-— 

S4____ 

- a 

_b 

_ c 

.. d 


a b 
c d 

1 _ 

| -ad — 

be 

S5 

t 

S2 

to 

BR 


S6 

t 

S3 

to 

AR AND 

MULTIPLY 

S7 

t 

AC 

i to 

S 12 


S8 

t 

SI 

to 

BR 


S9 

t 

S4 

\ to 

AR AND 

MULTIPLY 

SIO 

t 

S12 to 

AR AND 

SUBTRACT 

S II 

t 

AC 

to 

OUTPUT 


S 12 

(USED FOR 

PARTIAL RESULTS) 



—-« A 303 4£> 
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BASIC COMPUTER OPERATIONS 

1. ADD 

2. SUBTRACT 

3. MULTIPLY 

4. DIVIDE 

5. COMPARE - CHOICE I 

6. SUBSTITUTION ORDER 

A 303 50 


G* 3 AS 


A -30350 
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COULOMB FRICTION 



M * P(t) + F(t) ■ f (t) 

A 30351 


<3345 A -30351 








il 


PPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



COMPARE 





x =2.45 - N.n 


REGISTER QUANTITY I OPERATIONS 




S 41 

t - 

- to AC 

S 27 

f (x 0 ) 

S42 

t - 

- to AR-SUB 

S 28 

f (x.) 

S43 

, s 53 

- to AR-MULT. 

S 29 

f (x t ) 

S 44 

t - 

- to AR-ADD 


S 30 f (x s ) - 

S 31 f(x 4 ) SEPARATE N FROM n 

S 32 f (x 5 ) STORE n IN S53 ADD 27 to N 

- PLACE (27 +N ) IN S42 &S44 BLANKS 

S 53 h PLACE (27 + N +1) IN S4I BLANK * 
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ARITHMETIC 

ELEMENT 


CONTROL 


~ STORAGE 
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1 

n 


l- 


u_ 

_J 
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_ i i_ 

_ 1 


l\ ~ • 

DIGIT TRANSFER BUS 
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BINARY NOTATION 


DECIMAL 

0 ___ 

1 ___ 

2 

3 ___ 

4 ___ 

8 

9 


BINARY 

_0 

I 

_ 10 


II 


100 

__ 1000 

_ 1001 


845 = I I 0 I 0 0 I I 0 I 



A 50 354- 


845 
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BINARY NOTATION 


DECIMAL 

0 ___ 

1 ___ 

2 — 

3 — 

4 ___ 

8 

9 


BINARY 

_0 

_I 

_10 

_ II 

100 
1000 
_ 1001 


845 = I I 0 I 0 0 I I 0 I 
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BINARY NOTATION 


REPRESENTS POWERS OF 2 

MULTIPLICATION TABLE : 

1X1 = 1 
1X0 = 0 
0X0 = 0 

ADDITION- 

I + I =10 
1 + 0=1 
0 + 0=0 

BINARY COLUMNS 21 3 ^ X DECIMAL COLUMNS 
ONLY DIGITS I AND 0 REQUIRED IN EQUIPMENT 

A - 30355 


oi45 


A 30355 






SERIAL 
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APPRO' 

COMPUTER 

1'EDNFOR^PUaidGeRELE 

^ SE -£^ 06 -' 

MICROSECONDS 

PER 

MULTIPLICATION 

104. 

CONTROL 

TYPE 

EQUIV 

BINARY 

CAPACITY 

IARVARD MK I 

MECHANICAL 

5, 500 

3,000,000 

TAPE 

ITL 

RELAY 



TAPE 

I.OFP ENIAC 

FLIP-FLOP 

660 

3,000 

PLUGBOARD 

ARVARD MK H 

RELAY 

4,600 

700,000 

TAPE 

1. OF P EDVAC 

MERCURY 

15,000 

1,000 

WIRE 

IHT WWI 

ELECTROSTATIC 

32,000 

* 

FILM 

11T WW2 

ELECTROSTATIC 

640,000 

35 

FILM 

:CA IAS 

SELECTRON 

160,000 

120 

WIRE 

JU. STDS 


170,000 

3,000 





ti ♦ 

A 30353 
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A-30359 
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Subject: Digital Computing Machine Logic 


T ig* 1 Of 17 V:«J* 


Da'.a i March 15, 1947 


This seminar will ba ooncernad %/lth the 
parallel digit transmission type -»f electronic conputer 
deioribed by Mr. Forrester in lae; week's semlnar. 

II lustration A -30339 shows a nimp if led blod-r diagram for 
such a oomputer. Tho flye elements are the Input, output, 
storage, control, anil arithmetic nlomsnt. The input 1* 
needed to transfer both numbers aid orders to the computer 
while the output la used for extriotiag remits. 411 the 
numbers, initial coalitions, partial results and orders 
are stored in the storage element. So distinction is made 
between orders and cumbers. A sligle arithmetic cleaent is 
provided, Ida abllltiae'bf wnlch /ill he ■deecr}.bef~'iateh. 
Ths control directs the extraction of orders from tho 
storage and seta up th- proper switching to carry out 
those orders. 


HI ua trail on s 1 

A -30335 A-;0403 
A-‘ 0350 A-30355 
A- 3039 U . 1-30405 
A- ; 0408 A-304o4 
a-30395 A-30I+05 
•i-’0396 a-304o6 
a- 0354 .1-30352 
A-J 0397 a- 3039? 
A-3039S A -30391 
A -30399 A-30415 
A--0U00 A-'o 4 i 9 
a- 3 c 4 oi a- 304 iU 
a-:c 4 o 2 a-"»o 4 i? 

.1-50501 
a-:o 4 io A-30500 

A-30502 


A Hat cf basic computer operations is 
glran In A 30350* The rrithmatic element will be able to 
oe-ry out the basic iperetlons of addition, subtraction, 
nu’.tipllcation and dlvirion. As sill bo shorn later, it is 
not necessary to actually build li the division process 
since division can be performed b;/ using the other basic 
order*. 


In addition to these basic arithmetic operations are the 
iirtortant control operations cf sib-prograrming, comparison, and nubet:.tutr.or. 
No •Bally, the ooatrol extracts or lore in sequence from storage. ha sub¬ 
program order allows changing this sequence. ^ reane of this or..or the con¬ 
trol may be instructed to take as the next erdor my order stored In any 
register. The compari-cc order ii similar to nub-pro grain in;; except the 
decision as to whether or not to change the progrrn in male dopes;.act upon tho 
si 51 of the number In Hie arithmetic element. If this .ruibcr Is negative, tho 
control will ignore tho comparison order and proceed in tue previous sequenc 
If the number in the arithmetic element is positive or nsro, the control will 
be shifted to a new monition. Tbs substitution O der nllovn modli'ylng order: 
previously in storage by substituting into tlian results w leh have been 
oelculated. 


Illustration A~30394 illustrates a taelc ordor. The orderc 
are placed in storage in binary code fora. The order oonulsts of two part? 
at operation section which decides the operation to be carried out end a 
atorago reciter number which choosos that piece of Information in the oto-ngi 
that is to be transferred. 
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<«».*.> • ,ivs ■ .i .. so* • i • • 

rffl 3 jM. *3) I "1.1 htru » ••■>*»«*. .migth c :*j . . . . ; ■ 

oaa M .tor i tin ring,' »; * H#> a;* r * .* '>i.(fti'll-® .* 

•>? tbo maio tjy» axnapt t .oil ■< <• • i . •: :..v 

■ .e ■ j . ■ ...io • ■ • ' 

regiitira a. to be provt< 1» It .» lllwly t.<n* fo •• teci.a leal bo * -.r, 

t e opv-ntlc.: tau *.ovoijo vtl'iti- jeos'r rf)c, ,-iqio. 

srder. ".Amt it, the left • 1- b« t.-.-r i,j.u i •jt'.v . • h:..l , ;<■ 

(eetlo'i *U:. b« :hn operui in. 

V po mlblo (.rdsr . lg U ofcovc i: 1’ t rtlor. - ‘f'- 

It oul r one of jojjt poaaJ s o»C# • raid e.ooo not oho d - ip*ciw -dor 

lnp;t .u:(l output eo.'itrole operct:*!. unof, want It: < :nse .do - t ■ 

will bi built ltto ;ho cci ; iter 

■&a otC»T :n oiao.-i tl»« accwca.aior .a : .« tfl;!nt . el >. 

rcglovV-'Ta : tiv rioi-a." -r ”**" ~ 

The order trauaf>i , 'i tbt ousiboi i *>» store,:' r«. t*» 
toprooooadl.'i^ to it i regltvr iciiar tato the ult:./ - olnr. i ■ «> uV i 
to rwvr nroJJ.r wan prtvlou*l/ told fc;.- the ocran-jl t - r. 

the ordar c. la the twjra at thu erde. jjr, except th* :-.ag*t < 

of the aanb-r la rand Into the aocmwilator. -h> c lar g» Is tit a - r. ^ 

>xoept. that oneo again th- uegatlv-j of the rabbit : j •« d into the ..?cu . 

raaoiV.ag a a mbtraction vatic. c. or eddlslca 

Jla order r>- looltlpllns tic ooctinto of ;ti ecovhul .or 
the nnuber la t.-u eorraap»hdlti£ rc -J.ot«r poaltlm Tor crd.tr *| t ,i.air- < 
sontenie of tb& urltfcieetle al*aevt bt etoraga and - Inoat ‘ibew in t * 
oormtiiondlni; rgfda'.ar petition. 

2ia oialar fictdlrl.'.oi t r.o uuabe • s *.• 'ctente o: .» 

onc jimLntcr The a'llft loX5 aid shift rlaht ruera si: A.? rdtlpl. tte> 
ten*a > ' th- aem-mil atoi* by poaara f tv The tji c tna td ord- a h 
n aa b- ofl. lai'.i'lbad nbovi. 

i. IIUiWIAU CMflpatart will um» the ba « feicrcx . wl>. 
sa otiuRf; lit thu people Mho ua» *:he coelute: to e.o -r.j’ cil nt- 
tlvla bitto. 3paalal dovtoo: will asbu the o>a«et alo;it roa laotaoi 1>1 % j*. 

aotut: fo. tb» inwit nr fro« r vary t- deoltul n.u i fc - t.v- ..:p 

.nt imp- .preati tl'aa cs* So mi: i . * t 

•sonpetttloa Ih ouatonurj dtvla., tmoo lo t; tut<t?e*> . tiv '-v:' V 
ist» *• in fil lers .'ha ban* 12 but boea aegga t d Vicv '* ' <■ di c ■ 
aora lt:«£a. t then a 10 Sbo tui .’ la eor.v -'oo- : ,>ia« . li r 

bnotaiat jtAr two llijlta «n naoeoeuv which rum n . ..it .a rrr. nc ; . . 

elatrei* wh; oh itra bat t»v etsble otata*. XUuctrvtlsa '30^:8 s tt. 

brleflr tha bna* «y i ten of rmraaontlng anaba a tcoeiba? r;-Ut«n r. 
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but appear* the same as a cumber written Id a».y nae.r exc* .t for -OK" .' »• 

1 itegeru needed, rot cl bio numbers extend. In el the) alroc';: a with o ■< iru 
power of the br.ee. On the scale shove. aw jore vhloh ere . osedi: J.J 1 

• 111 require dibits which are far to the -lght whllo numbe -u -hlc'i t > 
ojceaedlngly large will require digit* vhloh ore for to the eft. oo r ire 
nimbi.:-* can extend Indefinitely lu olther clrcctien, this i .tob-.r rjHior. oar 
bj called a number spectrum. Any ratios* number :ry bo v :t n 1 base 

system,- Illustration A--30396 ohow* ecvol uinber;: vrltt.on in s evei 0. o i>’et 
Tie haao 37 haa aotuelly boon proposed fc- oortoia oocput'-ig orob) a* where n 
large onao la n«eded, because the 36 letters of .bn alpha'*- : ore faallla? : -t 
everyono. The 37th digit la simply a blank lumbers tvlV jc in 1 ids has*. *■" 
•raid require r.rica leas apace than la our ' sual decimal bat-i Tin wo la ' f 
tae "ingllah language out be considered nt numbers written in the Uw 37 ' 

Eigllsh .-anguage uaea the number of pois! Hitler very _a»: ’ItlentLy. The 
approximately half allllon existing English werda could all be retresentsr by 
four-letter words. Basic English which only h*-.» 6S0 words ;ould tv entirely 
represented by simply twe- letter words, ’towover. coma of these words would 
▼ sry dlffioult to pronounoo 

Xllnatratlon A-30354 ehowa the relation betveen Mr.ary end 

decimal notation. 

ia atnted above, a tsusber ipeotru.:. extends ^definitely in b«.- 
directions so that If s&y dedrod number is to be rapre ten'id, an infinite 
register capio* ty If needed -tinea only i finite r>,gists:- .ength Is avail ai< 
on any physical mastics, the problem of J-i-it whlct digits o eslect Is of 
great Importance. Illustration A-30397 illustrates sever.,, ponsibillties 
Tee computer oaa aontldsr, for Instance, nly iir-be-* which era ccasldsrnbl; 
larger than ono, very near 1 or much last than 1 Differ ..nt problems a: s„ 
la these different cases. In Xllustratlo 398 the sffeit of r, multi- 
piloatlon Is shown. A number non elder r.bl ■ larger than one. when , tqaared or 
multiplied by a number of equal magnitude beoones much larger If only 
finite register length is available, the tositlo., of the register on tn* 
number spectrui muet be shifted to the la't. I'or r number lurh less than 1 
a equipping produces a result vhloh requires transferring ; o register posit: 
to the right, tfhsrs the number Is very utnr 1. the equrvrla,: proeets doe* tot 
approclably move the register on the opeoirum Ter ;ki - aeon it 1* oon 
vsnlent to consider the nnmb<ir» usod by t . ■ oor.i -ter ne b*J verj ne. r i 
for Win ilL WIND computers the dealmnl point is tc oe aoneido ad at the left- 
bend end of the regl star. 

Since naturally we oust In the courio of general ot xpiutnilon* 
consider numbers which may very ovsr a v* -y wldo tenge we oust a, violate 
a soala factor with each number hne :tat ind or hurdling o ole fat tors lc 
determined by whether we are ualng a fix* l or -'looting ,point «yet« r in the 
machine- In Illustration A-30399 connlde* a ntosbez which ’or oon'-enlenoe «t 
will -.suite la larger than 1 assume a si mhun» irtlng its -oint i t tits l«f 
end of the register Associated with thl > number east be a seal* distance 
between the mar- hi as point and the true po.nt. Sow, If ipon further com¬ 
putation this oaantlty becomes much snnllir w its avail - l# tv, 
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1 • ;c • . 


y. l; .tlai >' . 1 1 . » Our BJ'S * r.v,'.-'ter t ! .a -.b ut * 

ai-iO'J' ill tlli» the ir .0 na tl - itr-.l..* i*a , r . , tt- 

rt.duo.d icalo ftMi ; ■ s.-l. r.-. t flbavln. :--li • »t-n ci*' a .»■ /.» 

RiiuJhl * joint nee--. vlt! a-enji'O* t: ' tt trttt pa at. ha tesoiid .o.r ■ . it, 
In to teeap ;ht r-s, «tto- Hat.: oa tie v]ootra» n 1 ..i« irsib.r t. /til 

only per . of iat scglectr. I;« to 1 raster r»i!n •'l.-wd. 'It* <r&« .?» ef 

;i >. 1 ft haad .1 p' i cf tli» , "giit -1 li »hla latter « a\ -Jo co epe.i 

by tin fact tint • t It ao lo:»:«*• n t «ts-y for ' to .n~M .•> .a tonsil* • .i» 
B’.il* faetiir. 


It 'a bov tec: 1. coaaldnr o ibe. i • ' bleary 
fit 1 ! »t i n ardx: tc in/err-' u_ot tb p race esc a fio] >. WIT xr. 11 utc 

f -. r o i*~ .ting, 

Cortldrr tie i jal..l r ixoblen pf tec lr.nl cd&ltion. 

Irina .ra Ion t < XfO thown ft ulenl? . octnsl ac.d'.ilm prompt, Xha 4s. \t» 
ar« A : d#u In ; It lolaj; poaal 1 hoveror t osii'n • t .i lu any 

cola's" »dc.s It gicatir that 'I. T t ertre digl z jet.c-d :o describe V in 
•tua It iototm r.e t cart/- TMe 3 irj nr at l>« rdf's.. u. to tbo left -hors! 

'3tia: jiltot Odlr tally. -bla carry optrr.il. j t* t . "had without 

vr'.tlng t out tpeclfldillf ci abotto. it (too exec? 1 .; A (i«ci»el :ddln«. 
Bi'.Jhln# ut ts alio to ptrf::-* so.- " rdiltVon* of . • .jpi 

I vatr&tlcn I toevt.i i '• n • i n it iv ir.c.y 

muibo -• d.om mo ruatoi ip and it 1 case ogolj. p j*rlbl » to obtnla n nx it 
at^ oolmas whisi i c ^ulroa tve dlgl- e Tua tbo am cf r \ u-.i r. 1 In tho 
bmarr ^'otan oeiee oat 1C, tiio '. Ip'at i ury -<tich ot.-a «aln mat,' b» 
aidod is VC th» loft'litad fAjenon*. via*. Is ii poaalblc *o *.hoj-> Ciii-rlst t 
produiio i-tbor etrrlo* v'tlch c-..«t c,.»1a bo slued lu I:. is-. It :< ; -.r,5iibl« 
ui'-tv; 40 ciglt V.rcjy uaateri for e sorry tc bo p.-opogfttnl iaa fall Alt 

of the riiwr re pdrlar 3S coiry oc d.tloac In tt« .reesnr Tt o.:i bo .Ivor 

•tail iti clly. howrer. tint 'ho o.'rpiclod rm-boi o C'ri oo la . 40-cl>f.t 
adttlt: =f . ' jut iic It lr Abo pnittl i ra balld biawjr eddtra 

irr: oil v oolt i i j» tfca oe-rry .Is a ttmtil; 4 •. i v c.'-e r.p lr.-.tlox. 

lUvitretlco J 30C0i hero e olt lo blravt; -aldor Cju "me 

flip-.I t* :u • ai» i.x Jrot.t r! g» 1 applied t /■-.» ti.'.ho-'.ra, -ioj for* 

• '.tipi'' »- *J.o of tve oocatsrj Xlvs oidlt'.or of i--m 0 M» . a fllp-flr ..Hi 
rente.* t to :«v, tho ororflov b- t oio of slsi vppt. rov of flip- lop-. 
T:;oan oa, t? fl y-flapt »tore ho oir .c« foil.- i tht rit-nt • >rr<f. >n ol 
adi.lv >» ton iji trill <Tcie.T in :ii- . ov j«* Ills .o ; : :v : or.rr.oto '-4 *.h.i 
vppar fl i t lea* Stole tobe* arn co: a»a ttoi to t.'wj. fl’.p flopn iu »:el 

a nan. taat via pate lo ope. ' *b i: ip.fle? • .f t wm ;M at 

Arid* of too gate tdboi az* p lrd i o-* ry paint /i 1! o tcunaal i<i*f a the 
1 eft -.as -aUrntoit ddar flip fi> p At onc.i p ii «i u; f a* c o-ry llv obi 
o rry ad ttloi vill be porfoneu 

• 

Hvp'C'liTi noabora tact b* handled.. lot--rt- ao««U'.*ltl on art 
la llluj'.r itlsn A-3C417 :'be : lrot 1« to h idl :! t m_<d - n% ■ 

tobooli.ta B vsni o-i* vith no -.t.ociae* Tbl i -’l.od r (.\e ..mtc opr 
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V . > ■;.» 'jtrViij sl;;'l I , ctf > «-•> a ' t ' \ <: v 

• t i : 

i 1 •• t i r .: t ». u.u; ? eei . It ■ • u 

fitn ic M' [ k( 1. .i.t.'t ' li i . a I i •> »■? ,i 

: jtn li !t(M .n a arOij: 11 . * . *_r . . V ' • 

le tij.trj t:\» {Seer al *.b: l»M«. Ihf digit a,-.t i;? !U }• • .i 1 

1 J 3 t It A a ■ i a: thu r« it. ti-» rat ,.J a vJJt ’il.t- 

9 • •’ 3 T • b* )£ U»l\o. . *»!>• V.»n .d“d 3 .1 <t •...•.»:«? *• 

t .’1 J- > it •••« '.if la ha r -u - ' for t '• , V vj t t u.<ibi. 

d • if j.! ti • alit.llnr cettc: hut r< r» . ocvonl' .4 *.» tfci of o • • . >»,]« r 

In : \ o ■ ; niiu V.r >0*1 "It > s 1 >»: 1> *a,Mru‘Jtsc t o# ■ jai : r • • > •• 

1 : > . tl : 

p .»a« % i oV. tu «. sy i-> ot lfit o: t « a* ~.i ...aa«r i .• t. . 

It ot.-.or. notr'lcs enoli dleit o..' a j. al v ve iwt'tur It mi 1 tr jtv. fs.-: 

1 : c <.. -r .ir ■ al . t>l ji . t. :»i -.?.>• » 

r ,'iii j i-9a r ;v • 3arj:. ar«nt to c t cuurlarsi- r .. » e .. i. i .L 

.■ «. at i tilr .« >. . -pie oit T5.fa. t-net Lj, tj. i dd ^1 a.- rodut 

o-.r'.. a • • qalr: a mi a « :i .* dcltlon t;*■» "a t .r.» ’ .a t * jl e -j a** r. 

n jittni'. 

l ot •.! cm t t .-ft - • . 1 1 la il: 

t -a. i 1* cnuolen at / t.>- ?r Ida pra;ja»i i I . . •. < • • a 

4' i tt'.o o a ;i . .r of M >' <r i it ' t • ; I ■ i ■ . • 

ti'd lu 1 Hutv? -! ja 1C 410- ti. stff. e*a*..’ *.:■ < i . hi- i 

t .r P> «al1 lo ' tin. lh- nj'tr-J-iad i :otnl « . : ’.ic4 t< . at-.* 

I n. r » t. lu '.Jjp tlfle-ira; In lta r or; :.er.»atai’ f rt e*ttnl t *r ‘.a 

it rj . anteti vfcota dlfftrroi l« onta.vu. C o;«i ■. 

t. *!•'■ • !wnd 1> i -mp'» ii3. t. 1 '. ..d ndfi tc tlui .• tl' .b. I . u. . 
o ui» lu >’< tu llif riaeo la a t la '.bt l#i: lcr^ ‘t owtelf r ti« 

4 : fferwic- ft, plt.t tSa ‘#tai L* - 1. fc. *.v; .t 1». ilia ..wtlei 

tor vn«»r tl.’** art} Tba 2*' pi.pi6»(j?iti « J1 tl • e f i« lilvim o..i jf 

trjMtf. If. febenfere. tin 6 digit 1* oorri*! nrvond Ml addac. lit< ika 

:i j . < ■ . • .£>. . p 1 >111 t j (Ml pm >. 

t-nta at ' *ad arc w>t ci rj ^ s:>d ta c. oil; cxec-it ••. ;.i «!• «i.> oy a u i .r. 

too >. .- aaitJoaof tfc Jaii d’. 4 -t tl t'4> iKu: -U ter t <.rm ;.i i.r.: 

c jiiut' r 

KglHpUaitiot t i ■ tUl % aora »•« tt* pf«9lll of mi/ :o a tits 
sOr.lt >at. tae mJ Vipli. jtd ln^; ^.«£ ve tt.i .-.r .li. be. sCKirdto.- »..• 

t J 0 d s', i tfl :t»a Salt;.; llrtf. tll' .i r; : . ' . ^ 

«xnK>'- •. Pa« ri/t.afD»t t o..‘ t e bu 1 *. > ’ i 

too t 4 . j lloend la %crc. It sill t» no’ :£ that tM ItsCLli >f etch of )b««« 
*«nll s 11 pll i.iUoni ».-? it t. Ivadlplt rtabar -•c l.lr .hi' Ijk a 

•dnit j room ta olt. lr ib> 5 >.vr’.l-l p %>tuot. 'all vl • ’.ho .• j a; :>.> i. 

a ; > l,t i of 14. poltlvllei, tiif it: t |dt to .t 1. ft ir.M 1- 

p a tl> L ioduct* rorsad aia - d»<i .o 4 «ti t. AJ..! >t. tf "ct.\ j x.> - .j 

Bostt bi aatl.i. all dig’te of Uit -.tLitlpll*? h»ro ter. o el 

la Moltl.pllootiou. hlf.oXjr ne'.tlt n >• .mj ; l -.j i ».;»* 
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4 a b x.\n* in t llu* trotlot 4-C038h lb* bln* mv\J t- pile* ...is 

to 1 rial, Since the Inr^eir produot mgr » It: u. • < *t 

sing 8 •*- cary ulfilt one iiiore oen be no rry bo“,w*ai. 3 1. ' . v • 

pert 1«1 y roduc'c 


ft 


1 


Xllaatrotlra A-3D409 ehowe >« blmor trait'. it .2 » 

It le o»rrled out in tho s/u.i l'.oehlon at tie declanl c '0 yr j*. 
ousted orcept tost ecrh step la now alapl. n cbeLae ac to v :< t - . 

aid In tie nul'.lpllcand. Tin oholoe la rornt by whit:. e- - thn 
multiplier digit le a one. 

A oodlflcetlon of the blnai-j multlplicat loti prciess le 'i.)»a 
la illuy ration A- 30404- ^hie ocdll'lcutti ii 1* helpful fo- - .1 •»: 0 . :ition 

of the process The tultlpllcation begin :u before with ..«■ .ii; Leo of 
the ’atUlplloend depmdtnj on t'le rlghtmo.’ digit of the <vltl; it: low 

btwevar consider sfcli'tla; both the multiplier and the par L:A ir Luc; v> -L.. 
right one digit The eocond st«p of tho ruiltlpi.' option not ocusller: ,hs 
rlgi.no it digit 0 ? th xesal.lng port of ‘he rui tpllor .! e *; dtl - Uoual 
being added In dlreotly. It la not necee nry to shift the uvl'1 oani t acc 
the partial product ho* aire-aiy beer, shif - <>d 11 le preoai' cl «hi ting 

multiplier and partial product to the right md than adllitj it. lhj null 
pilcnnd If the rightmost liglt of tho rul v.liov le » cne cor.i ac; ustlL I 
eotlro multiplier han beat used 

Ulnetmtlou A-30406 chow* HChenatioall) a Tlni 17 vultlplter 
a tin.-- till a process. The oul tlpllcond le .ored In regt si.-. .1 ini the ?ti:...l 

pller In reglet-or BE- Thi partial prodna la built 19 In - ne vidl ; unit AC 
l eat of gats tubes Is used between AH sj* AC for sidle ■ Ir. tho me 1 tlpx.oooc 
Xf the rlghtaost digit In BB In e one, tin cmltlplloeud la sddud 1 a. If 
It Is a xero, the saltlpllon.nl Is not add. . Is following *«.< i addition the 
ointents of AC sad BB ere both shifted to >he right ant 4.*, it. T; 1 » plains 
tao doolrod digit of the aultlpller at t.V right eol of ICt c ( proTlds* 6 h# 
proper ellgnaaut of tho partial prodnot. dneo a shiftin ' 5(1 to be ^lgu 
Its leTtiuost dijlt becomes vacant, the rl ( .itswat digit of .3 title: would 
otherwise be drifted off tie register and lost oan Instead \ I lnt-j BB. 

Keen th 1 nultlplloatlon procesu Is cosple <>& ths sol tip II' ul‘ l 'h. 
disappeared an ' the or.ttr » double-length r.rodncl will tppix 1 > A an BB 

llaoe the orodvt cf two a <iglt .lashers w.ll n wit in a 
Bn-iiglt prodnoi, sore nethod rust be pro- dec for banc 11 n,. tl.i -» ntra 
digits. Cn geaorol, they ore laalihlfloa ahd uac be tbvwn :«ar This 
prcoon* requires the prcpir roundlnr, off • t the nuxbo.- ! lr.»t a 

digit* or; aarnly thrown way, the ramrdai *r wll always h. ! r <« t on .. 1 * 
oospioto ouabei In the joursu of r. prob i» jeuulrlnj » r ; trj v ibn . 

siltlplioatlons. the blae due to vole pro 'dare *'111 teoo'-n- e;: *kito 
dsel ruble to Incmaio bj- >ne the rlghtxo* Igit that ji.t”. f 1 dujO,> 
whlob Is leapt If .he nuabir throen away l- graator tost a ' Ll oonTeul^i. 
way of ocoonpllthing this In the declnal «taa to to rid « to 'it *ira 
digit to be thrown away Xf thlt digit t > 3 or pr» cat a "it wll 1 be otrrl. 
to tho "Ightiaost digit of the naved ntabe while, If t!.* i:i,d Ir less than 
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Ur*, tai rlght-hoa''' <12k• will rlwply b dlwca did "hi jCoi: * 
llluct «i«d 1 b Illustration -V JCK06. la ..wary -.o'etit- n at A'. -:.y 
ilu) liir j rocesa oan be ured In whlon n on la ad- .a t : tilt first iilgl • so bo 
Jlacurdei resulting In » sorry If tala dl ;‘.t la . >.na i.-.d it o <rr> 1/ It is 
sere St provtaloa i* tasdo for proparly ’arias or the ouIsiduii -. awe ia 
which tin discarded par*, ot th> number la exactl, cna i O. f I'-ivo-ir In 
lO-dlglt rnltlplloablon 40 digits vlll b- throw) t way end t ;i. oJ : uoe of 
this 40-i 1*11 awaber being exivitly ona h*,f la rcrjr sr.-J... ?ta M a else io 
;hls vrjt«a* la alec very amnl. ore ora 1 moat • o:ae ba niglcotn 

Tha nlae cf tho acabera wh.Jh ojm t< beadle 1 by the oonrrot.3,1 
ir«:hlae 5 u cot United by tho onchlne rag iter 1 n«th. It la loaclble to 
use noabers which are enj multiple of tfcli regia ei lengta Illuittmtlon 
E-30353 .-liova thla procat a for double-lac tfc mir. < ». ".hat ia for austirt 
thou, laigtfc ia tvl.se th« narsbjr register length or the asihlna. '.:■*» 

:c*>ere rr« atcred n two halva* in tve aroarato regioters J.Jdit on r«- 
coirea tie separate tunning of tho correr-lading hr 1 to a. .'ha our of tta 

two waadior section: nay be greeter t'nn •. ia ref ettr cnparlty If ao. 
the owarllov represents r carrr to the rl.yitiroat digit of ;ha sum cf tha 
two lnrgLi* Bactlona U It nejeweary to .rovlcs fir hnndl .ug thin oiotj 
tffici.es’ ly. 


'A>t sultlj ilcntlo.a the product obi >e forsei by obtaining 
'•he four partial product)) resulting from nultiplylng tho disable-auction 
iiuaVoro ■ ogetfaor section by aeotion. Two peoull ir tlo» again arliti. Sirs';, 

1 he prodrot cf the two nail tactions theiaalves la n nuell nncii • which 
would or> iaarlly la loat in tha mounding .rocesa This pr-.<iuos o. ri t .ire- 
l'ort. ba alttod t Seoondly tha two larger aacti m i ru- eawsawd to have vlti 
then an esoclated rogiater foil cf aorca I bun heir prrduot v ch will 
lo double lergth ;.a uausJ ia i*3tun--ly ertlraly a.gjiifloont ena bot i eoctl,n* 
»na f be : opt. Vlie aectlcn wnlbh le uoueliy rotsn leu aurt 1* added '.a tko 
lemller ..»otion of the rceult. It le ocee again i icessnry to * .Ic* ear* of 
foaelbla carrier between aectisaa. 

The ability to uanCJ.e double-leug;h miabort will 'Sc ispertea; 
lor ^HIE.WIKE I. Tho elsteau-iiglt capacity now p.cposed la aqulTnlent tc 
loaf thai flee dec load, digit* which le lnndequat * ;‘cr Boat aouputi ig 
probleea by uelng douDle-longth icuabera coapu .n ions ae .■ be o<r:lo cot 
ceicg tei declaal pieces, thus greatly lntreaaln; he ecopi of th aaahlnr, 
tBXPLtflKl II will eiao ba ab'-.a to handle 'auble- .etgtb r.os.ern for oee In 
there pro blase roqalrlag aora than twelve deoioa. tlgite, 

Equirelent ae'ihjda ciay bo nplled Sir conpotln^ u- -g triple 
lengtn .vubere Illoetretlon b-;S0393 Illustrate tew a tr.ple-lrrgth 
nnaber' srodoct aey be sbtaiaod. The snaber of o.*dtre required for ooapo.tln ( ' 
oelng a’iltlple-length ouabere secotiee quite largo. Sub- pr>grn?a u-.a be tired 

however 

It wae ooctlooed oarMer that It a not nesoaei.ry to build 
dlrlalou into the aUiChioe alnon It ooold ><i bull op out s’ Uij sore boat: 
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artihretic ooaratlona. fhn uoraiont la nlao trve of n puv a root! .,j 

>, an oral luwood for cbt.v. ring reolprooala -ad r->. ti 1 * ;o use ,a. 1 orctlvi. 

orcoadure baawl on (ha a olntlon of an nl. 'aralo s-.uatl >n l y Howto.-'a retted. 

nir.atrn.Hioa A-3039J ahov Hewton s method- The o-o-ve f •< f (i 
intersects tho axis at e>ne point It ia aatiroi io find thin po. nt by n. 
orcaeas of auooosalte op oroxlnatlace bog'aulas ultn sons irlgl.nrl guess 
ithor ne .hoi« urs crallsolo but flei.-tono in* thu elver. :agi of ole. Holt ,7 and 
spaed. 


Illuetrntioa A-3041b ahowt. tbs applied .011 of Umtcn'n nethod 
(0 performing the onerot Ion of dlrlalon v.slng only add (lea Mid * Implication,. 

Cao aquation f(x) r a - ^ hna a root av x ® Applying Kuvtoi a netted 

x n 

an equation x r+ ^ *» - ax^! la :btain< vhioh will oonvorgu to ^ • 

This equation requires only acAltiono an. mltlplloatl'inii and rerlta la tha 
reoiproc&l. It ocrverges Tory re^ildly a each ute?« f tho .-’Ira gun a a la 
good to 10& three It ora Hons will give n raeul - ^jod ;o ttghli decimal 

plaoea. 


I 


i 


Illustration A- 30419 shcwi. the ejiplloat: on of Hewtm'e netted 
so obtaining uquart root*. If tha oquaV.cn choi;aa la fix) ** :c* a. thai. 

rill converge to the fH~~. Vhla prooaa requires dir. alia no id la satis¬ 
factory for a machine able to divide but till bo quite lorgttp-for a lec-la* 
:hat obtolna division by Iteration, 

If the equation f(x) » a ■*_ la uaed then x o. nvargae t.c 

s* ® 

. 1 In a prccee* raqnirlng rddltlos. and tsoltlpl sn'.lon onl;It la 

f~ a 

plite easy to get the \f \ IVon Ite reciprocal by slaply wultlp! ylng by j 

Itself, 


obtaining the p 


Illuetrc-t .on A-30414 6 lve 
root were p la any lnt 


formulas by mnlogoua *■ thoda for 
"g ar¬ 


il vaa taaitlonnd eerller hat the trash! ne iseelf * 11 perform 
ill the uaoaanary contortion* for deolaa.' to bluary notation* and binary u 
decimal notations Illuttratlon A-30418 nhowa tvc net to (U for 00 : verting 
froa deolmal to binary notatlona. Squlvnlent sotted* >xiit for c averting 
from binary to doulnal notatlona. 


, The flrat Bathed consist* of using the binary oqui alent for 

the ten deolMul lntsgera Ttu leftnoat i.lglt of tha desltnal nvunt- r la 
:onvartad to blnar;' end then Multiplied la a binary rauitlj liar by the binary 
equivalent of ten To tria roault le ad 1 nd the binary eqilvoi.ont of tha 
laeond doclnal digit. Tula procam la repeated until .he entire author hat 
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been uontertocL Vha lecsnd motto* uses deelscl aonq.utti. ‘mite? of 
”1 niry oinputar and consist! of sucoeasli ely UtlUng ~.oe dae'mel onmber by 
t«3 bin*. noting tho racialxder* of snob *t<p. 

Tfc* powoi and flanililllty of dig .t 1 cc.unu.la. lno* 

bocjuo most Hppermtt li these !n sternest where th.- computer oar! « ths 

burden of tenor at lag It* own aontrollicg progren. It Is of tor. <m ,coo. jy 

for the .tatheaatlxlan tc Indicate m cor act ey ifccllo for: th» ui: x«r to 

a luoerlctel process The dctsrr.lnnnt an! matrix notations are ?;• rolet of 
thl* cor-.,act aomenolature . 

A generclised program sutficien :or rxit jillcatlia o! asy 
two natrloes ^111 cow be disc is tied, In .Us geneiallied irograiti 47 cidera 
arc sufficient to control any matrix mul ipllcoUcn. •'he pro ;tm ocn te 
kept In a library for uss as required,. 

An an example jf programs), ag »»tmc.s and a' thi ge isral 
power of a computing machine if this typ i, a generalised iragree, .or metric: 
multiplication will be discussed. This to era* v! 11 prow ds for .be 
nultlplloatlon of -ey two natrloes. not isoesaarlly squnri. wMoh son te 
multlpllod within the oepaclt? of the m«-.v,lao, Once wilt.an end put oc a 
t*pe the progress will be usable as often as desired. It dll on! • ba 
no ossary to Insert the elemaitn of the untried., oert&ln Inf»rmn-Ion ta to 
their Uusnslons and location In atorege and slant the t .ahlia The 
program can also be uaod as par'; of a lcrger pr. g> am of w.Uah mat-lx 
nx.ltlpll notion Is one of the leslrod ope itloca 

There li nothing unusual shout tills pro&raj or the methods 
used. A program of this type onn be vrl ■ sec for a watt author of 
arithmetical procaeaea laolcdin,; larertl <j a matrix, solw.ng < of 
simultaneous linear algebrnlo equa-lons, a set of slmultaioour linear 
differential o ructions algebralo aquations of hifih order etc., -.nos th* 
method of solution hat base dst. rained. 


A matrix Is a rectangular irrny of element! which beys 
certain rules for multlplloatlon and eilditlon. A typical matrix s 



•ll 

*ia •••• 

.“in 


*31 

1 

t 

1 

V’ 

. *3d 

1 

1 

• 

• • • 

1 

Nn 
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* 






■ •« : •’ ’Its "O .13 






Tbf> proo n cf matrix mltlpllOnt ■>! If l cm. 

o itc.' . lie th element tin* Jsb eoli~a o. th -sduc I •« . : a« 

5 th ro'f #f and the J»l. to) tunc ol B nad «oa the pre of thole o - -u 
ponding ali'i-sents, bfffilOJ.JDg at the ' . ift scud one and t i tap. respect'. 'Ly 

That 


U 


t. 


*lr ’ *« 



" 1 1 ] 

r 3olu«0^ 

;%h fiolnwa _ 

ith 

1 X 


. - i-. 

Horn 



:v„ 


J 

L J L : J 


*h#rs *, b jafl o are 'laments j 
fiotPl to A, 3, and C I'esposti' 
0 


iC amen; o 
J'rodue; 


I 


Ihn :.TJ~ uc of tv <s 2x2 sjf.trieei 


*u 

*13 


°U 

b )2 


Sx>u 

+ “ 12 V 

*1 i b i.i * *ia b 23 

•ax 

u. 

*23 

• 

> 

*33 


Sth 1 

* 23 V 

VsA: + *23 *22' 


So.ore twe st-trlcoe caa be awl.tip. wd to ;«t Mr the? out » be 
cc.-ifors.-sble That la, tl« cumber of columns In tho flrat mit erftul the 
rusher of rev* in the aec-onii. 

The general process of multiplying t«u intrlo«s become* tisen, 

the following* 

ij 

1. To obi tr the first ixemat ■■ of C ovatJ ply the firs.t 
rov of A by the first column of B, 

itl Multiply the first elexe.it of A / the first 

elcnont of B. 

hi Multiply the ascoad element of th first rot* of A 
by tho second eienout of th* fir a velum of B 

3 ) Ahf the two psrdunt* 

1) Oontlnue until ell the element* u f iuc :'ir*t roe of 
Af»nd ct '.hi tin ftll tho tlw I tl o: 

first column of Is) hnvo beau used, fhe rssultlsw; 

■us. Is the first 'lament of C 
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6.'vSt 

Hteoo i. 'os :ia- M- 


St To occplete th# first rev in ■ -ou .i.u-j a . *» 

the flret rov la A by l ho an... ‘in^, to ' t < 

u) SepoBt ater. 1, above using the first i'Cv la . 
again but the cecitd calwir. li. Th rnault 
be lb* sftcon: element In tlw fit-# 1 , ro» In 0 

b) Continue, ai-lii<; iiu> soocor.lug olir-au of r r - 
rdl colunne taro been need Tfci retailing o-* 
numbers wll.l be tho flret :uv In < . 

3-. To ooi^lete tho social raw In S, ve >. t n*. 1 und J. ’ ; 

nee tho neond row In A. 


4. 'In ooiwlete the { xxduot aatr'jl, roc i •!. 1 until ;>I1 

the revs of A have bean used. 

Jfr cr tho i.tova discussion ve can gntwl .o write the prograie 
required to put this procedure on the ooiapuilag nnoni.c h.i pmoeou la 
thowr. In d'.tgremi.tlo lorn In Illustration i, 335 c! » V*■' ' t > cc .; *?l . . 

ordsru the conputcr naede tc determine vhun It han fin'-u sd . . !»?.#n*at a row 
end iho ce nlete reduct. 

The pro si if le written out below. It foi'.ow* the genaril procst 
nncL cjl.i£Ti> deeorlhod. Tie chenc* In ,iuJ progr-vt -> c • 1 *> r .o protest to 

the euooeeh '.ng elruenie. rove, and ooXiJUfl, ere n »l» b. * rtn,;'*t*; tho uutual 
ordern tut the nilthr.etlc olemrnt oiu. tiding tci aubtt u t'-ng nunbare f.-on that 
The order* wo restored 1:. their notified coodiV on no V at he four bv.»io ordt 
that purforx^ e 1 ore ueed over end or*r r.geln > .or .1 a a. , the eipweta 
£ t, b e tsdel for the nultlplloatlon, 

She. symbol* '.sec In this >rograa we dlniriened earlier tu ten 

r.<inornndn». 

TV uetrlcei to bo multiplied ere aiausio. o So stored la tbi: 
tonput'.r Biiroge in the following fashion I'atrix A 1 - tored In sequence by 
row*. The el omen-a of any rov .ire eborvi in ee^uonoe ;h- ia la’t to right, the 
groqpe of ileanntr nnklng up the rove being etored. In j uor.;<» f no top to 
bottom Hiitrlr It It etarsd it eerannur by ooluran. 1 » elc.iente of nnr oo.’ur- 
iwe etored in ee<r. once fron top to bottou the grauoe n ’ elcuehtn ariclog up 
the oolumifl bel'v etored In oequenco v'ro* left to rigli. ?ho order In merely 
conronient and ao< nneeianry.. -he t.ragnw with slight will nM(H oea be 
need .or differw ' orders of ntoregn t la no; leant a y t .at xljnuent 
eleicf.fctg be In a< . nreut star*, fhe only requirement la mt the itarv - V. 
orderly anti known the given «e>|aencie le noroly the eloo.oet 

tl\. tlee«tte of the pxoduot nntrix C wl L b ■ eto>*ou In eequerxe 
by rove e* Matrl.\ A clnox the elements *111 be o ;e*.nc. u t : r lequtnc* 






APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




ft 


•'•t* •: • at- Bo. h 33 


7bo order y. #;orn.* E /o vail an i h J . • : ; 1 is -io.i 
le .;l*ca its Illuetr&tloc A-30500, The i’rogran p mu i v- 'oU;«. !»«e 

np. .i_ for detailed order » and tXlostrnticn to; ' pia.yo:i.-on 

dlagr -a 


» 










The ftrut otop ie to lnjnrt tho Iriti* i a, Attar po„ t:.one of 
the element* to b* mltlpliod Thlr oporatlon roqnlr » three tra-scfere, oni 
for or.aii of the eatrtce# concerned, or a total of six 'idori 


Iri j _jL-l-j 1 STjpft Sfi 

The gultlpUaatlon oX tho two elc.tenti rt qv.’.ro* only ts» ore *: * 
tia:c :.o j rodact la left in the nocssmintor, 

lit. tL. » b - Order b S? t ad 3 10 

Tfce partial etoa J.e brosi/sht into * a nritljj.stlo elensent ,ffi.d 
ddal to t.he new jroduot. The result la stored in thj i atfl • or allot-.«1 
•£ a . b. 

I? -._ laore ac a 3(a) by 1 - Ordere £ 11 to C J 

The next step li to incivaea the ropiest,: umber Id Order S7 by 
1 whit 1 iob the next e^erant lu the row in Matrix A This modlfloati sis 
le xade at tble time baoaaes it effset* a snail -.avis 3 s ter el amber of 
ordere and total amber of operation* Three ordere -i :•«< dred foi :hl.- 
nodlJlcet Joo. 


V Check on Completion of us H tJ nent tri *r > £1 4 nisi- 13 

An element of tbe prodant will be e-jnplole vhoa ell tlui elate-. - 
of a row of the flrct matrix here oeen need in d esse. (!snc’ or. on f i 
ooBple-lon of a row oar be obtained by comparing the resistor poelt\c:i in 
Order C'f shth the sogletor position ho’din/r tho lent It:nont In the rt; -.e 
jotopar: ooi or* be ®t*le by subtree ttrg Si'bl) from 87 •’. ha: already Von 

Bodlfiol ?>- IT to bo one nore than the last regi:t9r j* d Therefore if 
37 fi An,) then the row hoe not bean completed whil If 87 >* < it hae 

fhe aoiqsarteoa requires only two order#, a mbtreotlo i.nl lu co^sar; :ea 

Iteelf 


YI . lucreae e S(b) !j 1 •• Ordere 310 t - 1 IP 

If the eleieant is sot ocuplote uc distend Ji.d uy tho cotipwinn 
order, Sh'io it 1# neoeetary to modify 7 i.nd S8 ;o te * tho next depute . i 
the two nri rlose, return to II, end continue tbi proc « haa elrnivty ij 

modified la IT. four order., ire recrl od '.o not-t? 8 un ^orn the cou’.-' 

to 37, Sho etert of II, 
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> 


ijy.c 

M*: ir wfltti Ko« IV 0-1 l i 


.'T-JL St ore li3.»mr ct • Orders 5 30 to 2* 


If Mb el-want tu been co«j-.lotoi Sir. « etn-i eont ■: 
tho o ;put (orders 330-321). 

Next, It la nictiDK .7 to olour tha ro,- seer ooldU* a h 
that X'. will be available- for the next atagi; of oalcc »:lan Oat :i#lhad i» t* 
aubtrret "£/ a b late the aoeuBolr.tor which already ho.l ■ a b T a > roerStt. 
soro So stored In the ah register effeotlvnly o3 vlng i»(0rdor* 333 --3 

KrXt, lha order 521 rontalnlng the ref t o.- number » dm tr 
alemoiv C has first been stored la nodlflod so that t j nas: ebwe.it to hr- 
eonputrd will bn stored -n an adjust at rogl ator(Order 31, 53 •> 213 

Ylli, Ciieok. on Completion of a 3ov lr. t o : "oduct Order' ■ 


a rov In tho product will bs oouplstsc ' si . th# elaraate 
Matrix 3 have bosn used Therefore nonpars S8 which ontrlna the -ojlst' a.- 
of the lest element of Matrix B usau with the rsglntcr lunber loss 1 3(b i . 

the last eleueat la Matrix B. This aonparlson li of: j.ed ay neats of a r_b 
traction and a conditional act-program order, tf a(b , *5 S,'o.) tha lout 
element ussd will bo at iho bottom of somo column oth r um tus Ins . SCh^) 

mutt b" 1 leaa than the register number of the -nst e i i «t in *t r. H bi.rar 
the equal cese lr lumped with the .ngr.tlvo nunbara lr 5 o oaocitlaiu snt 
progrjrr. order. 

XI.. Return to dtart of Jot’ In Matr ix . 


to 3pxt Column In l at •lr. 1 • l "dure 530 to 536 


Ii a row of the pro-iuot la not couplet* it ;» asoossar- to cat 
the same row of 1- ntrlx u over ogslr. Order S'- i nor ’ ei ■ . ubir «>tlng the 

number ol‘ aleme-.t* In a row from It > register position -e 520 tn i>2 


Changing to the next col inn of Matrix a va sonpllaha 1 by 
simply ta-iny; th( nest ament In lino due to •» rd • of 'to:* .qa(Orlore r-3 
S 3 t). 

The conti'ol la then returned to the at v >f -I at 37 and the 
prooem ropeetec. 


iu>: on CesmletS on of Product C-d>.ro 5 !7 to 53V 


Tho product will be complete If ill tL - ulaeoate o' Matrix I 
have been ueed Tho aback can bo ;u>le >y oosipnr-.n*; t i riglat" oositlun i 
37 with tho reglstar position holding; the last alemon <>f Matrix i, B(a ) 
la not neoeauary to auh'-ract 1 fror: 5( ..) alniyi » 1 h .» r.-r-iidy boon 
added 'o if. 
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(>34> 

| Naan -t Von No. H iirj 




Tim Ooirpj r'. 6is Is «n.ia • : tr. r. oi •-*« f-' a . . s 
.la's )•• ra.. order an before 

•XT 4 

Modify . 1 ( 1 ^) 


Ho tu rn ' .o Ho glr.nl ay. if Mat rix E ■' r Lore $40 ti_hfF) 

1/ tho prsuuot la not ooeipletn, the no ' ro i! 'utrli. / it to 
1)8 need No nodlflentlono nr# neeeaaory alaoe t e 1 uidm-. t) S(a' In TV 
will tc » the first ele*ijut of tJw next row du» is ih«. ardor o.' >'.ara5*. 

Sluon ei us '< row la being uaed. It la no »-• i.v .3 elmnse 3(\^) 

a» tint It le tfci roj^etir number holding the last sli e.‘. . . nov rev 
-hie Boiilflontlou la not r ipl.lahed by sddlr.^ thu r)r i. jtt ti .'j\n ) (Order 

•il0 50 ;<*)» 


Returning -.o the boglailng of Hut ix i» * icoi.-.-ilthod by 
.-iibcmc ;lr.g the i? unbar cf elements la 1'ntrlx t loss 1 Inr - % i Irter 
position S(b) m Order hij 

Siia aattn. la than .-eturnad to C7 u 1 'fire 


K. H St un • Order si? 

If the pro dost la complete, tha rial; In. I stopped* 
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6Z46 

MaKarra^.-* *i r ! 


«g^m lygjM twatfX0> 


- x.'. *tOT 




- 

Contends 

JO' - ' 

31. 

a* 

SBC 

Initial 9(d) to AC 


td 

37 

InlviiJ. 3(a) VO 6" 

S3 

on 

SS0 

InlsJ.il 8(3) -.<j i/1 

34 

td 

38 

Initial 3(b) o Si 

38 

os 

3£7 

Inl-.t,a 3(o) to AC 

90 

td 

S21 

IUltlid i(o) Vo £41 

57 

Qd 

3(*) 

c to .X 

50 


9(6) 

flora ii b 

39 

«d 

S48 


£10 

%• 

S40 

:taro 

Sil 

os 

87 

.'rdoi* 57 to *4 

613 

id 

849 

Add 1 to SV 

313 

tv 

37 

?«ttos*o 37 

314 

iU 

880 

Item tf(a) - 8(a ) 

315 


320 

CoBpaso 


It ) 


310 

9* 

38 

Crdoi* 33 to 1C 

317 

ad 

849 

Add 1 to 3(k) 

518 

• ti 

38 

~a»vo; • 3(1 

£19 

«P 

87 

Haturn ooattoi to U7 
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A .» K-3' 


!< r .r iiir 
Xa. 


0ciA <e>t» 

IX 8< t) 7 - 8U ) 


_ 




Oft 

a-ia 


;£ ft 8 to 10 


531 

te 

3(o) 


^ a b to Hscal| 


$<a 

8a 



1 j», a b to :lo»r 4! 

vxz 

3-3 

%« 

849 


01* r £, it t 


324 

Of 

S21 


Or< »:* <»:. to AC 


330 

d<:. 

843 


tA d 1 to S(«) 


5*6 

ti 



hofio.-ft orders 31 


S37 

Oft 

38 


iff<nr E *.o Ai' 

mi 

338 

Stt 

830 


l-orra 3(b) 3(1^) 


339 

op 

337 


CorpftO 



:x 8(bi s*^) 




53) 

Oft 



CTd 1 : ? 37 j j 1C 



3a 

833 


Hfl’cri to ft art j*r>a ordar 


333 

ti 

37 


ilaotora orlftr S7 

IX 

333 

Oft 

56 


Ordor S9 to 40 


891 

ftd 

Si.9 


-dd 1 to 3(8) 


338 

«■ 

88 


iftfttocft orler S3 


sn8 

«P 

87 


Siot'vr.i control to 37 
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4 


t' Ml. 

t'i + 3 


MtWtrxMT1.--H •^■C.VPIOI.: 111.! 6 


X 




XI 

I 

XI z 






EoglatM' 


-' 

'■•nut.mt ■ 

If 3(1)1 ^ 

i i '} -?p 

B37 

oa 07 

Oj- ’ » • 7 to 43 

S3B 

3u 063 

ft a 3(n) • -Ka^} 

339 

o]> 047 

Co .ipsrn 


If S(«1-*-S(« 


840 

oj» 360 

Si «. ) tc Afi 

Q 

041 

ta 353 

Ohrhie 3(b^1 *0 * 54 sf next 

042 

l| 300 

Ft t . re $(» 1 

042 

ce 08 

Order 30 to U 

344 

3a 304 

HntOit to ntart oi escond ■ 

34t 

te 30 

Hootar* -rder 3e 

346 

3? S7 

Ho turn control to 37 


If s(n) j» s(^i 


04*7 

Stop 



3K 

56Z 

sen 

363 

it/ 

36b 

166 

M7 


■i'.cil &t. tmi tt fJret r 


^ a h Start clawed 

♦ 1 ^ 

3( \ ) 

Hj i length 

s(t» k ) 

On* leis than the ntusaer of *1> min In ■'ntcrlx 2 
Initial S(*1 
Initial 9(a) 
laltinl 3(o) 

Rc^trt H# SrarrtJt 


/ 


MU jjjui 
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IF DIGIT TRANSFER BUS 





C3 4S 
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BASIC COMPUTER OPERATIONS 

1. ADD 

2. SUBTRACT 

3. MULTIPLY 

4. DIVIDE 

5. COMPARE - CHOICE 

6. SUBSTITUTION ORDER 

A 30350 


A -30350 


»o| / 


<2>345 


4 
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3/^*7 A - 3039 ^- 


OPERATION 

STORAGE 

REGISTER 

NUMBER 

1 OPERAT \ON 

.STORAGE 

REG\STER 

NUMBER 

G DIGITS 


14 DIGITS 


in n n n n 

n n n n 

n n r "' n r_| 

i i i i i i i i i i 

n n n n n 


-20 D\ 

G\TS - 

- 4 


C,4 POSS\E>LE OPERATNONS 
1G, 3<94 POSS\RA-E REG\STERS 
1,046,576 POSS\E>UE ORDERS 


A - 50b^-4 






•u/47 
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| CODE NAE4VMNG 

V ca CLEAR. ACCUMULATOR AKiO &DD 

ad ADD INTO ACCUMULATOR W\TV40VJT 

CLEMINNG 



CS 

su 


CLEAR AC AND SUBTRACT 

SUBTRACT INTO AC WVTUOUT 
CLEARING 


mr 

t* 

dv 

si 

sr 

*P 

cp 

tdL 


MULTIPLY BY CONTENTS OP AC 

TRANSFER CONTENTS OP AC TO 
STORAGE 

D\V\DE BY CONTENTS OP AC 
SUVPT LEPT 
SU\PT Rl&WT 
SUBPROGRAM 

CONDITIONAL SUBPROGRAM 
(COMPARISON) 

SUBSTITUTION ORDER 

INPUT AND OUTPUT ORDERS 


^- 50406-1 
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A-30395 

NUMBER SPECTRUM 


B*SE 

VO • • • • 

a 2 X vo 2 ■F 

x \o' + a Q * 10 ° 4- q^x to '*. 

BASE 

\2. • • • • 

a 2 x \l d + 

x \2.' + <J 0 X V2.°* 0^ X\E 1 -f. 

BfcSE 

2 • • • • 

a a x 2. 2 + 

0\X 2.'+Q 0 x£°* O.j * 2. - ' 

BASE 

n • • • • 

azx n 2 + 

a* * n , + Q 0 xn°+Q. 1 xn* , +. 


A 


A-3o32>^ 
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ft 




O 

ft- 



.o 



<r 

10 

(Si 

o 

o 

<c 

o 

\r 

<nJ 



-o 

Z 


— 


< 

uJ 

J 


o 



<1 

> 


o 

o 



5 


o 



C3T 


— 



ui 






Ui 

J 


h- 

cfi 


> 

(M 


5 

Of 

4 

ui 

2 

o 

Ui 

Z 

</) 


D 

5 

(0 
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BINARY NOTATION 


DECIMAL 


BINARY 


4_100 

8_1000 

9_1001 


845 


I I 0 I 0 0 I I 0 I 


— 4 

- 8 
- 64 
256 
512 
845 


A iOJS-L 
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Utojon 


A-3o397 


REGISTER LENGTH 


N DIGIT REGISTER 


INCREASING 


POINT 


DECREASING- 


N DIGIT REGISTER 


"POINT 


N DIGIT REGISTER 


<-POINT 
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A *>05^6 
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j/Wa-? 


A-io3^5 


FIXED AND FLOATING POINTS 

SCALE FACTOR -■ 


£ 


MACHINE POINT 

SCALE FACTOR 


l 


-l_L* 


( 


cm 


FLOATING 


MACHINE POINT 

-SCALE FACTOR 


FIXED 


MACHINE POINT 

SCALE FACTOR 


£ 


n i"i h r '< r-» n n 
0 1 i i i i i i i M 


TRUE POINT 


TRUE POINT 


n r_ > r_| n 

• i i i i i * i , 

f n n 



V 


/ TDI 1C 


MACHINE POINT 


^ TRUE POINT 


A - ^>0^*3 
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DECIMAL ADDITION 

A-3o4oo 

3546 
I 3 7 1 

48 IT 
+ 1 

49 17 


yx*f*t) 


A.-50400 
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BINARY ADDITION 

A-3o<*oi 

11011010 
10110110 

/ /> /I 

'OIIOIIOO 
I I I 

/* /' 

101001000 
I I 


100000000 
I I 

1100 10000 


/\ - 5040\ 
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3/ W-H 


A-30^02. 


A BINARY ADDER 



CARRY 


A-M)40Z 
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I 


Y " 
& " 

4 — 

7 - 

5 o 


^ ° 
^ o o 

^ O O 

- o o 

- o o 

o- 

- o o 

- o o 


r - 

«T 

0 

< 


f 


£ 

Ul 

cO 

5 


2 

7 


4 (<j to s 

5 oi cvj s. r*- 

i M pj S h 

<j- 

ul i — — 

D 




UJ 

> 

p 

i/j 

o 

a 




O lA 



4) 

0 


o APPROVE^P&RWbIIiS *EP§J^.^S£W l t E iCf4. NTS 

* BINARY DECIMAL 


St 

1 

+ 0101 101 10 

= 

N. 

= 182 

< 

-011010010 

= — 

N 2 

=- 2 io 


0101 101 10 

= 

N, 

- 28 

y 

v**Si 

100101 101 

Nil 0001 1 

= 

2-N r l 

2"-(N s -n)-I 



-00001 1 100 

= 

N,-N a 

- - 28 


0101 101 10 

= 

N, 

= 182 


-OIOOIOOIO 

= 

n 2 

= -146 


0101(0110 
101101 101 

■ 

N, 

2 T1 -Nj-l 

+ 36 

10001000 11 - ^ 

/END AROUND CARRY 

+ 1 

V 

N,-N J ,+2 n -l 



000100100 

= 

n,-n 2 

= +* 36 


A 50A\0-I 
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A -3d>4o3- ( DECIMAL multiplication 

35 6 MULTIPLICAND 
6 2 7 MULTIPLIER 
A 2 
3 5 

2 I 

2492 PARTIAL PRODUCT 
I 2 

I 0 

e _ 

96 12 PARTIAL PRODUCT 

3 6 
3 0 

1 8 _ 

2 2 32 12 PRODUCT 


/V -bOAOb' | 
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BINARY NOTATION 


REPRESENTS POWERS OF 2 

MULTIPLICATION TABLE : 

1X1 = 1 
1X0 = 0 
0X0 = 0 

ADDITION-. 

1 + 1=10 

1 + 0=1 

0 + 0=0 

BINARY COLUMNS ~ 3 j X DECIMAL COLUMNS 
ONLY DIGITS I AND 0 REQUIRED IN EQUIPMENT 

A-30355 




A 30355 






ffl 
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BINARY MULTIPLICATION £ DECI. E.Q.UIV. 




10 I I 0 
100 1 I 

10 I I 0 

1011 0 

I 0000 10 
00 000 

I 0000 10 
00000 

01000010 

10 110 

I 10 I 00010 


MULTI PLICAND 
MULTIPLIER 


Z2. 

_1_9 

198 

22 

PARTIAL PRODUCT 4-18 


PARTIAL PRODUCT 


PARTIAL PRODUCT 


= 4 IS PRODUCT 


A- 3C4C9-I 






A-30A0 3 -2 

APPR|QM6D=F©iR §MBKI(^atfiAaE L CASecQ<P-1104. 


101 10 MULTIPLICAND 

STEP I I 00 I I MULTIPLIER 



1 0 1 1 0 

PARTIAL PRODUCT 


1 0 II 0 

MU LTI PLIC AND 

STEP 2 

1 00 1 

SHIFTED MULTIPLIER 

1 0 1 1 o 

1 0 1 1 0 

SHIFTED PARTIAL PRODUCT 



1000010 

PARTIAL PRODUCT 


1 0 1 1 0 

MULTI PL 1C AND 


1 00 

SHIFTED MULTIPLIER 

STEP 3 

1000010 
00000 

SHIFTED PARTIAL PRODUCT 


1000010 

PARTIAL PRODUCT 


1 0 1 1 0 

MULTI PLICAN D 


1 0 

SHIFTED MULTIPLIER 

STEP 4 

10000 1 0 

SHIFTED PARTIAL PRODUCT 


00000 



0 1 0000 10 PARTIAL PRODUCT 

STEP 5 

1 0 1 1 0 

1 

MULTIPLICAND 

SHIFTED MULTIPLIER 

0 1 00001 
1 0 1 1 0 

0 SHIFTED PARTIAL 

PRODUCT 

_ _ _ . _ Ruvc 


6345 3/27/47 

(J9f^ A- 3040^ 


a 


110 1000 I 0 PRODUCT 
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B1NARV MULT\PUER 
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VV41 


A-3o*o& 

ROUNDING OFF 


DECIMAL 17 34 

6148 


5 

1735 

1 


17 3 

46148 

5 

173 

9 


BINARY 1 1 0 1 0 

1010 



1 

110 1 

1 


110 1 

0 1010 

1 

110 1 

1 


A WAOL 
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A'3o^2. 

DOUBLE LENGTH NUMBERS 


A 

C 


4- 

+ 


B x 2 - n 
0 x 2 ~ n 


i 


L B+ O ■) X 2 


- n 


POSS\BLE CARRY 


A + B x Z ~ n 
C +• D ^ 

AC + (AO+ BCV 2- n + BDx2 zn 
POSSIBLE CARRV 
DOUBLE LENGTH PRODUCT 


\ *>0 W 
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3/E& ' A-3o»3__.. 


triple lehgtu numbers 


A *- ^ x 2"^ + c x 2" 


0 + E^’H + Fx 2 


- zn 


AO + l BO + AE )>E‘ n + (CO + BE+AF) 2 

l '^-^y ' y" V._y' 


- zn 



OOfcLE 


POSSVBLE CARR\ES 
LENGTU NUMBERS 
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A -30391 NEWTON’S KAETUOO 



x, ■ oe> * oa. - a/v - x 0 - <j 


y - * <-*o) 

0 *'tX 0 ) 


^ n + \ 



fc IXn) 
VCX n ) 


cx 0 ) 


cot e 


A -505^>\ 


DIVISION av ITERATION 
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<5304 


A- 303-19 


SQUARE ROOT BY ITERATION 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




Xt,*. = X 


n 


/OO 

/'(X.) 


LET /(X) = 

X - CL 

/(X) - 

/'(X) = 

2 X 

/'(X) = 

X 77 1 = 

y 

" 2X n 

x„ a 

X,*, - 

— 

1 , , a x 

2 ^ " + X„ ) 


Xn 1 




I 

cl o 

x 2 


CL — 


x.— 


"n 


- x n - 


Xn 

ax; X 


2 2 
-^(3-ax; 


r> 


I 

VoC 


A SOAIS 
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FORMULAS FOR THE P ROOT 


RECIPROCAL P ROOT = 


— [(P + 0-aX^ P ] 


P +h ROOT 


X**, = 


PO+Xr, 

" a +px! 


A - 50 4 \ A 


A-30418 



235+2 = 117^-1 
IJ7 + 2 = 58+ I 
58 +2 = 29 + 0 
29+2 = I 4 t I 
14+2 s 7+0 

7 + 2 = 3 + 1 
3 + 2 s I + I 
I + 2 s 0+1 


RESULT = 11101011 


A ^oMb 
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-ELcWE\T '^CI 5’ 7 IF r L 1 • j — , E.MFf< T f. 

INI~ hl SiOl .r»i T . 

• * j 1 >•*-i *-» 1 1 * 

^ t L c (’ c) 

El_r Mr: NT . 5 1 ^0 b 
57.. PEL N i i." •. 

ELEMENT STCK FL IN 

initial 5(a n ) 

' 1 

_ T 

1 

/-" 1 1 

1 


y-^ | 




-'■ X I i 


.mpTfe:? 

B 


mATR.i > 

L R J L l } 

[ ' 1 

f 

•r' 

ftlPTklA 

C 


L-ST ELEVEN F STOkLL' 7 '. -TOTAL NC Of E-F':"’- L : .~T E L t TP L N : 

SCa. = ii;A ’ •r.l'X LEH5TH S< 
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•_ j t * -t ' • if 

J..35* i 04 \f 

A-SOUT a 0»3> 

/ - .1 1 01 .* *, *33 

..•A.saa a- yy.v3 

304* a.-10494 

i -a 431 a 30470 

A-3C4ZM •i«C35 
i.W») A-iOf 1 
A- 3 .- 4 SZ -1 


■ ^tryt Jqt vO 

Th* circuits .v c< i . > • <1 1 coHjiutur 
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ORpa*or vtll A!< a. t tn. .c ; • J ' • oX ti« • 1 * . ' '1 ' v • t 
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lOllt Up ttiiX <\ f >» I A'l O jlf: ' : ! •) I ■ ir.\ I . • I • z ■ f . I 

•SIM ilftultt «*/ .... U 3 ■■■ 

a* .11 ff*.. aoo c? ... u b .i o ’ ti’ a'-t '•* •>> ; «■'. s-1 

part j . i 1 - tb* • - $• i i -.n. u •• ■ l ■ • 

uat of tie oiron «> •» • 1 : . 1 1... 
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yitit, tUe olredii la U U .«r.t >nwj for tic 

.•54 tloa ;i t j ixr.y • - . •> «\t > i • 

prlnoiplot o t clrauli d. i ytll l»» v r.onr.taC ’J .?» , v i r.ictln • • o 
oipnrlMMtnl ••>•?/» "«>y ' •-<»-•- • 1 .t ■ 

C lrog U-A ?2£ . 441VU .P 
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ore -cetisir: to perforr the opoietiona culled fo;- by tit* iiogrr-o ht 
Stor.^s prov\not storage for tbs proems, input ’i\t . it 1 • • rtlt.l j ; nrlte 
Ths rTtaast io sls c snt cr. i a:d, subtrio' Multiply, or Aisles two l - ..bare 
as d otatTi >y the coatrol The Input id output are also -bow 

Tim perte of the arithioetlo element whI <jh ore ueod in sedition, 
with the ooannotioos it or/ tbo oontrol, are shown in Illustration 1 D*29 
Two eglats^j ore usod. the A rsglnter and the r.ocuimitjtar A v J£l*lor 
has a digit itoinge eltwint In etch ooli-ca and the ocoomlntor : s e 
regi ter whl-rh con add tvo binary numbers Tbs A register -rd the -sousol’i.. 
will to dlrt-vtised in acre detail Inter 

Sow crueller the steps which ere nceeossry to execute the addition 
of t s cumbers with storage of tin sum. Initially, both the a reglitor and 
the accumulator nre clear ibs i.vgand will appear on the A.pit trtrsfor 
bus it (osa known tloj '.’he dl-. tn of' the nugtr.'’ will b* jtprs sat.:. <y 
ahor’ voltage pulses and will a. tar elanltnnocusly on the vs uaol» ■ 
ther-i being one bun oablo for each digit oolner The preirnco of n pulse 
will represent s ono sat. thn abs.toe of n pula: will represent n v.ej' it 
the correct tlse by ae&cs of the connection labeled fc ua t o A rug-si or the 
oontrol will open the gats and 1st the augend go fro* the bus to th< l 
regl otor Hext the gate between tka A registor nd the ecoumlatrr '■% 
opened by sauna of the cc onset to:, -abcled A register t o ac cii mlntor par- 
sitting the number to go to iha ncouisilator Thou the a r*gistar ii alien 
by B:an> of he connection lnbalrc clear a rv.tl cl sr it the pr-' per tijn:, 
the rlret gate is opeasc again n:.c the addend Is rcrnKtar to go fren the 
but to the A register Than the gate hr tween the A regletur an<l tk. 
accumulator la opened anl the ed.rnd goee to the iccuealntor tdtore *t la 
added to the augend To oonuleto the addition the connection fro* the 
oont-ol Icbeled onrry la used. he carry will be deicrlbtd lat«r 3y 
swan i cf the connection labeled accumula tor to bu s, tbs cun ray bo i on* tc 
tU llgl t-tr.-.safer bus 

Th» funotlona nooeossry to psrfortt the addition of two blj ary 
numbore are the funotlona necessary -lti the eocvjeulator Go the: this 
func'-iona s«y oe clearly undrrstoed, binary nddUlon will be rs:i>vid 
The lotr possible oases of addlt in of tvs binary digits cm otowi 

0 10 1 -a—augend 

♦0 *0 si s-1 «—addend 

011 1 <— onrry 

*0 a-- partial ritt 

1C a— son 
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Ho*- reuuu'l I. 66 


-3- 


Apjii m? 


Tho procedure for binary addition /ith ordinary iilng oary etepn o at 
follows t the two Lusher» and obtolu a partial s\-n uni onrrivn 6hii ' 

the carries one coiussu t: the left and add '.o tbo partial ita* ott-i .alng 
a ptrtlel eu® and carries Shift the carrion again and add., etc mtll 
ub nrrie a repnln When (.online with K-digit- mabern it carry nejr mvi> 
to be shifted H “laun /jn exarrui; of thle In shown 


0001 — 


.ua— 

fX - 
1110 «— 



/oooo 


1 _ 

ioooo 


nuge.-id 
uddond 
lot tarry 
part ial nun 

2nd carry 

partial non 

3rd carry 
partial uua 

dth carry 
partial sun 

■ sun 


Thit Is the equivalent of adding ~oe to 9.9l»3 .n th* dsrin&l eye ten After 

•one praotloe one learns to write the final cur la cne clop lnetot.- of f. 7< 
as It the exasp’.o The aocuauliitor opn he ounstructed »o porforz a.i addition 
in two steps Instead of f+1 steps The two stops art oaf., obtain partial 
suss iittd curries- two, propegatt carries to the left r r.d add t blc .ry 
addition *.s shown in Illustration A-30401 3c ;o that a carry oanar prape- 
gato to tlm left past a nero In ths partial nut 


The basic olrcult used us tlx at or ago eleaeut la the reg< iters Is 
a flip-flop (reolstanoe-coupled aatlvlhrator or Keel to cordon trlf. *r 
circuit) A oSroult dlr.,;rar of n flip-flop is nfcovn ’n Illuitratlo A-3042<> 
Tha flip-flop hna two stable stales one, conduct log ned Yg cut ff, 

two V,^ aut:ff nnd V„ conducting Kogatlve pulses art us-id so ret reset, 
or trlggsr too fllp-rlop When roast fc,- «a«ns of a regr.tlva pulse .t the 

reset ternln.il the digit stored Is a taro and the plate of Y. Is . a low 
poteu&lal Ths fact th*t V. lr aiiadec. indicates that t. la cores; / con¬ 
ducting or conducting when reset When set Oy no an a of S negatlvs i ulee t 
the eat tarsinal the digit stored Is a one and the rlsto of V. lo ts hlgj 
potential The digit stored zey ha dcternliod by setting the v-ltr. o at th' 
piste of V. When tiIgnored by uunno of a negative pul re at tbe tr g 
seminal the flip-flop will trenufer to the opposite state r eg aril" os of 
Its stats whon triggered The eyiibol for a flip-flof le also shorn la the 
Illustration 


» 
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Protbor :ealo uUnxi •* the gate :lrou- .. give o.-.reui *.« 

•ho*-, ! lllut tret ;-n 3043h (tele. 1 sr grid 2 on cutoff plate* n • it 

l • j.n.o etrrsut tan flow only »4,on grid 1 uo /-.-Id 3 art above catjfr 
Botii s-* i i on nomail/ hi? toe. bt.lov cutoff ©» bail g.ve polos* 

smut t< jontlv* uid t. n«ectt-.n» output pul tt 1» ob‘ e triad Tin ojvbci far 
* ga.ta m'Ja or goto oircult In alia uhovn 

a dot# -.lrcuir which doe* act Invert the input sulo-s It cto.m ti. 
Tllt'..»*»rbtlon 4-30131 A pulse tr&ntfornar 1 i uhijC. la the plau oircuIt :t- 

rslrvert ;hs pule; Tbr poise traatfcriBer v-11 be lescri'ed In eor.e -Vatal.’. 

lr.w. £ha sane i/nbcl l» unci l'or this goto clrov.lt hi s used fox sh. 
ftitt fl.to oil cult 

Mss A ruglst j? evij- to ocnetrootel frets those two basic alrorl'n, 
the riip flap sad the gate occult Two digit colomt, the first dlalt 
oole jin iud t.’ve se.i uad di git col qu o rf bha A rot otor re yhowr. In 
IlloiiiiXi.tlor. a A gutc paint froti tis contra: by neons of tho 

cocrbctlon l b clod bm tp a re,'^i»t?t lets tl.s crahir on h# b us onblaa ;c 

through the oi;l. -_£#*£ _.tub«t --jao ret the flip-fins Thus tie nutjcr t 

treeeferred fr>ia he boo to the A -.-agister A puli- iron tho control on 
the coe ecttra lideled a regie tor '.o e ootu a lx tor will pee.. through thn 
reed so: gats tulm- held open by i.ie fi'.r>- ’T< >e *.r.; go to the eoc imlnter 

A poise -roB ~i io control on the connection Is. sc 1 r 1 clrr.r -rill clstr the 

A regiel-ir 1j -allotting all the fllp-flopo which have been eot 

An aioonolator uulrg ordinary slngl-i carry *tspi for addition « 
showo 1 tllueimilon t- 30438. On..y tn d 6l o colurua arc shova Two 
flip flope t « used In eaoh oolmtn one »it .o ptora the partial era, ire 
partial )tn 1 *p- flop s; and the other sot .o itore the carries, the 
oori". r_l j:(o_r, suppose the nngona In s..r« idy 1:; the acco-silator nd 
tSI" ►VTi c It tbot.i to ho aided to 1* *!h» carry flip flcps nre nil ears 

i'he l.glt piuoia Jroa tho >. re v ;'.it. r gc to tt-j trl tssr tejalnjUe of ha 
parUal-iua l.p Jlt-ps it. all colnr.ns sti rs n cm: In idced to a ena vis 
digit stored li Uj partlal-ona fi-.p-flop ecoaiae n tero nml'the digit 
stersd in iUn uarry flip-flop beuo.^i i onn Ora plate tena-nfl of the 
pnrti'l ms '1 ,p f lop Is ounplud t» oho so t .rnla.il ot the carry f . i.p-. > •: i 

so tar.: shsuos -r 'he partial-sun f.M flop If triggered frois oce to rier 

the tarr - fl p flop le tat. In ac.’ ooltau start ars cnly three positbllltlno 
one ot-. pfi t.nl soa tee carry :'l.p icp • r >: *w* partial-o n fllp-fJc; 
ons Kii .nrr;- .‘lip-flap scro; thre.. pertl l-oo* flip-flop soro and err;., 
flip 11 isi• on-. heth tne partial- g-js nnd o;orr/ flip-flop can.net s'snil- 
tutmsl. aoiitnln a one 

Tlui next staps of the ndr-.i-ig aaip ac ae ore to shift end *v’<l thi 
oarries -o o .nj- tltsos as arn »>cesi -iry trsmf*> 1 go carries one . oluna 
v. t .. . ft ktu. add A pules free t-ie cor. rOx on » « orjrj oonoi>..it‘ -a vlll 
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fs tiU'jifii the parry gate tube* held oy on oy tlm osrry flip-flop o let 
itoro one* If a carry flip-flop sto e* n on* tho pa-ca vill pant through 
an open carry gate tube and trigger the partial -bow flip flop in the next 
coluun The carry flip flop is reset by the carry pulas a oh or* tlrj 
later The dela y e lenaut.s need are slnoly *hott piece* of table haring a 
relatively lev velooity of propegatton tf tbt. partial-eua fllp-flaj in 
tho second oolv.mn already tae a one in it a arry digit tiorou In toe 
carry flip-flop of that column muat rseult In thlu event the anrr' 
flit) flop should not be eet until after the delayed carry jralie fro . tin 
control la» reeet the onrry flip-flops.' 

The carry dibits lisv-i to l-e transferred and sided 1. u»i 
This coons the control may hnyo to naad oarry pulaea 1 ! f.r.io 

An soa’mtiator for high epeod addition le shown in licet- tlpn 
2-30*132 Only tvo digit ooInane \.e ahovrt , ( ,a:.n mppene the toger. 'a 
already In the aocuwxlo’. or end the aunand ‘a about to to ailed to 1' t 
the partial-«uc flip-flop tn a pi 'an column ajreaiiy bn* a nr.o stereo. In It, 
a digit pclee iron the A register will go bbr.<—ph the dot - o j i? go c lube 
held open by the partial- rex flip-flop nod ee the carry flip Hop, he 
partial-sun flip flop beta:. triggered b-.oit to *ero a abort time thereafter 
If the partial-sun flip-flop had otored. a rer - and a ore vne added ho 
carry flip-flop would not have bean so* 

iniy acr.usulater ussa high-epe-ad carry A single pulee fr- u tho 
control on the carry connection will oonplete. y clear th* carry flip flop* 
and will oaaxa the stun to appear in bio part!».l ana flip flop. Rev ear, 
a carry digit any still have to be propegnted the length of the reg! tor. 

In the high-speed carry, on* carry d < / ;lt nay .ratel tie o:C t!.; 

register. 


lioaoreridua K- 3b 


The high upeed o.-irry circuit operate* a* f.>llo.-» r. yulae fr-a 
the c lutroi on the carry aam-ioctlox finds »>, the ur.rr, t/ ntc t iPe if thi 
first dig it ci -lune. open 1 e a carry digit etorsd in the first dig t 
colueo "te pdtec new : ep roent’r<; tin carr; digl*: -c.i* to the 
high- speed- cnr.ry t b ' • a tub a controlled oy the pn-ttaJ.-*u* flip fop u -he 
sooonl digit ro l use Tf that flip flop et-ors-i n one tn . tarty dlgl • 
will go on to tr.e next eiUiar., etc it goo* 't 1* dolr/eo at e.n h 

coluna anti nurd to trigger the partial nin .-Up flop Tbs Carry flit -flop 

in aleo reeet by th> dolr/cd. onrry pulse A *e’ of ra r.l ot ,i g a te tubes 
is controllsd by the partial oua Clip flaps for aendlog tbr cua to tt.o 
bus The control can trr.naal t the gujb. to the bue by SRim of tho 
aoouwtlalir n du» rou-’etblun The control ciu clear t.v. Lartlai-jjii 
flip-flop* by ffleane of tno olesr coiuiection The carry flip -flop* ara 
autj*s.t'lonlly cleared during the carry 
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Pr Inc .;,tea -f Cl ml. assign 

The general principle* of olroult d« *lgn an/ ua <rianarie«d a on» 

plU'fiC- (Iph 


The jrojlo;i suit be eolvod la nemo given reel blew A prog s* of 
the e.lutlo:: of the juoblt,a will show tho numb w of operation* t a transfert 
uddH' iiat, icultlplloutlcnr, eto to be performed la t)r eolation of ho 
probl-:t Ifce mutbor of pal to lnte---ils raqulrod for wit operation r 11 tho-. 
determine the pulso repetition fre^'enoj' Vftn.i the puli* repetition requeii' 
le kncv.i, the order of s&gnltude of the pulse rise tl.w end fall tls V* 
known How vscuun tubes which r.ro available lo fairly lar.-s auaatlt o* 
and viJ30 ohoraotorlnt'cs, RSpnole.-'-f rellatl’ ty aro veil oetablls, d. 
shoult bo ui'pd If possible. Conventional typu of tuben nhoall be ui d 
Then, eomethlng Is la.cm of the physical site .1 tho circuits and the appro) 
Bate value of the tfn nt oapacltunco • In the circuito cm. be estimated 
Knowing ths lequlrod rise bloc and fall ti*e iU the ifctnt .lopunllano- s, 
the lead raointora sura do tereined - Whan a tone type i» cslocl.'d tho 
approximate pulse f-mplitudo required la detera ned by the trannfer Chirac 
terlstlo of tho type relectsd. Xhc problem 1* to plot: ; tube that will pro* 
v5do a current through. the lo,-d roots tor sufficient to iroduco the r«' ulred 
pulse aJipiltudti. Iburtherinoro. Up for the best gate tube at the protoi t tine 
lo the bAS6 Tho pulr.o amplitude for the Whirlwind 1 oocenter* ha* bni n 
selected on the ttr.nls of tho transfer ohiracte: letlc of the 6AS£. 

ill tin* oorputer olrcults can bo cou-trueted with fllp-flopt, 
gate taboo crystal reotlfiore and delay line,, as the tullrine block » 

Also, suffer. or power, amplifier* inverters ard puli* rs-jhapor* will bo 

MOSIWf 


Reliability la of utmost inporionce l fallurs at one poll.' will 
lead to a aeanlnglse* result Coo*.shoot» of iit.fh quality Bum be uaec with 
conenrvRtiv* ratings. Deonuso lart'o numb or s of voeuua labor xdll bo \ tied, 
approximately three thousand for Whirlwind I, .ncuua-tua Ilf-: la part lcular ly 
iaporW.t She tube-life problem la a eorloun one. In an effort, to j roiong 
tube Ilfs, eanuf>.otnrert ratings of alectrodo dleslpi.tlon will bo recccod 
by a factor of two. 


/.» vr.ii stated previously, the digit pulse anpiltuds will be later 
mined by the transfer c ten o tori at? o of live tubes used* A typical trosfer 
oharcc-urletlo le shown . 


/ 


Eto 


c 
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5h» 1:0 op,r»51n*; po'tt idiobld bo uo X* r an poon'.blo oelow ovt- r, K 

V pto.d 'ro’ibl* f:o« spurious il£jmls He/ever, bjfcrrtion far below nS'ofs' 

w‘ll 1 '.r 't'cu . joro do lap 1: r j.ulir swing » fln»t* rise Lin looration 
fax p»,o» cat-jfr iC.no rwcdli-e a largii vil n In tba proondiuf 

etcf.-'t u-tc«»«; tula, a ierg-r to be in th/i providing rtag* to obtain tha 

ante to* tlee. 

Jf thi grid of tii« tube le not dr.vta positive there la no 
possibility of critl olli-ptne *ru »h<; jperatlng point for the top of the 
ptxlae sill be gi the steep port oa of the transfer charaotortatio. 

If tfti grlc la drlten posltlvo end n dipping re-.'lstor 1 s .used 
the lie jr.d fall tluss Introduce! will be ippraclabla- Ocnaldcr tin t>A'ib 
get* . rcult h>wn It Illnslration A-30437 1‘ba o.-s tr/nsfer charaotarl •-lc 
1* tin shown Hcilic # c j et;iel So 10 volts Drive be grid to +3 volt* at 

tMt p >ln* 0 ■» slllisap ran cf ip-ld carroot flaw na3 the grid has a abatis 
real at moo of five than send that. Soppoaa :\ twenty-thoua-ond-ohr llal tin*; 
raelatsr r. 1* u«ed so that the Input tor tail naet be dr Ivon to -10 volte 
Thu ln.ut cepaoltance 0 Ja of he tone ivna scokat sight be an low at 

f> alrt ml or of nr id a If t 2i volt, Q,2t •ilcrotnco.d poise having verclca.. 

rise t id fell la njifliad to the tqpnt terai.iaJ v of tto circuit. the resulting 
weveto n «t the grid will be rl; liar to tha; about. It Illustration .••304;ib 
The U 10 onttart of tho rlaa ni-d fiill lu fia negative grid region la 
0 1 > 1 ;ro tcoc d JSete the dele, ano le ngtbmlig • ntroduoad 

i.a third al'.rru tli. . the grid snj- be driven positive with no 
grid I .el: itsj rislitor fhc op' ratteg pules »/til t-.-n b* <.n tho stoop pnrt 
of thi traaef >r oluuaotexts le Vht eexlrui safe grid, voltage la ettubl'.ahod 
bj tie power thi oleotrodos wlti.ln vie tutu ot.a dissipate end tba our.on 
that o it. ’< dram froa the cathode 

tn th» Vhlrlwind 1 computer two nilee repetition fretuoacloa will 
be noel One uagi.o/ole pole# repetition fr iqi.jno/ will be need fir amr.' 
t! Ie<i snoept shi nrlthxetlo ele. aat and a f >or-negacyole poles xepetltlon 
f:eqtonc>- will jo need fox the rxltnaatlo e.enexit This restxlts In pules 

lxvtertoli of qh> n. erotsc jnd ant. 0 cloroiecxnd 7ba ptJro length suo". 

V shirt ooaper >d to ttr -,tU ac ' atortsj bac inns t pulae will be lasgtheivl 
and dtLayi*4 n coin* tcrcogb fa' a tubes, pc <or ncj-llllara, etc 1 pulee 
raprsevtiflcg u llgit test, not flop over lrt > t. tlue Interval bnlongind to 

e re other nurbsr <>r srdrx . Ao a oonaeiiuen le, the fell tloe la ea tapor-en' 
it tta ri-e ;iai Kastaxifolar - oltag* puleia art preferrad bot.euoa a 
rectreiul.vr pnlae osh go throng' that* axtrmely no: linear gntt tabos f-o 

and core out ■« a .-tatans.-alsr p 1 to vita to delay wl;h raepaot to tha Input 
pula*' Of ocurie raotanfrolur pnlaes cannot bn real! -ad A pulra so nearly 
rsoti r.gnli x aa irnoMcal /111 bn aa<d end reshaped when aaoeeaaxy 
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Id o^'duf tr sjMcm short rlat ud fall tlooa. the lead ritlptdro 
fKst S' kept .vaill Shant capnol tcros i:> encLVAtcred arjr»h«i‘0 <cr tluar 
the pl< ■. e load of a gate cirotslt unlng a V 000 ohs plat.! luatf jeiiijtc.- The 
elroult hlagrrui I* efcovra 9 El 


X 


fcb ' 

^iooo n. 

jt-r 


r I 


2-O^jjS 


Ifc* ph.t* tc ground etptcltancu will bo #.t loe.*. .'id islcr julcrofnrnda The 

fall of th.; output iaIn will have n time oonnta/ti of 0 1Z gitoroaooont e; tho 
rite t ea vUl be ahortor than the f-.ll Hao b&caane tho load roe'stox In 
efieof.val> oa; ejlel* 1 oy t.ho plate r'-intaac* of tie t".oe dcu-Jag the rlno 
Th* wavof 3 rr. at the plate will be ftullai- to tL« Kawnra abovn 



I 


A email latlu i W nco In ear^e* with the plate looi roal’tor All rcv< the. 
rle* anr. fall 



Soao s'^ril-Oat will a < '^ntrcdnocA aa ahov 


1* often 

sluutn<j 


The difficult? la ooaj jxh^ Is 'hat t'ma 1 ,*rv«>.l U.v, woex 

rartable Tw lr>t«m-.l nay vtry batveen O ?i laioineotoib anr 
A typical oo-ipllag oirouit lo iuiovc 



pt'-Ort. 

tnn 
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bln* vlll !>• developod If tfce grid at V„ Is ic a positive 2ha 
time uonotuat. 0 3, *n»t be aaC 6 short to i it 0 on Uschntv:* 'ostveon 

0 fl 0 

pul nos the ohnr %e gained dm lag i<nlwi 

Jfcr sending pul sen froc oa* chassis to another coaxial caile will 
bn Uiofl. i’hr polsa Interval is co shor; that tb»i c:tbl i noot be cor. ride, rod 
as r. trsuoii t oloa 1 Ira I’nlaos the cable la very oio‘5. tty a fov fset. the 
boat Mug la to terminate the onble la. Its char«at>'r . ntle Itpoe/incu . Under 
tuna'aly oorJtisl cablet having a high velocity of pr<\>< ;stloa also iave a 
lov charnoterietlo impedance less than 100 cbai. Shi« re el stance la too , 
lov . - cr a ■••RctUi* tube load; too such cur rout it aec's'irv ta lorulop the 
required voltage l pulse trennfor-ser vlll be uoed ns m lirpedciusc ’.rut 
former to that a vacuum tabs of reasonable sttt can be uoed tc drive the 
oablo Ihe circuit dlajrrnB for driving a &?-ohn ce^le la shown 

^bb *‘ 

Como-oX Cable 




t&.ye rlmental Voric 

In this tootlou, toco cf the eaporlaaatal vo *. lr. progress In tho 
laboratory vlll be illtcuseed Photographs of vavtform vlll be pre j tntod 
vhere possible Tho few examples of tie experiment cl •■re.it to lx dlsrutnsd 
vere ohuten. from circuits vhloh have boon dltcusotd la t « sction oi tie 
arithmetic element 


Sobs 0 26 microsecond piu sot at a o:io megncyol • cite -epotltlon 
frequency ere shown In Illustration A- :046b Xhe pulw.«o are lb "cl c a la 
amplitude and have a rite time and a fall tiau of 0 C3 afore second■ 


The pulse transformers msntloued p. 'Ylously r * wound on l.uslnatod 
hype tell cores. A transformer having- a one to oca ui-j .-ntlo Is vend as 


shove 


Primary 



Set andary 




o ■ 
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Sola that thu prlr&ry and sm oondrry ha i the acne dire a’ Lon oI ■ -t ion 
the transforwer s ay b * represented ae fcllowr 



A flnlto length of tt*s will la required far the iniut pules to traul '.ho 
length of the cr&naforaar winding and carolop a volte ( 'i icmes ‘ha tr 

for»'jr acta like a transmission line of ohorr.sterls'.lo ’-.speianoi jgy '■ 

‘n a resistance R tqaal to 2 tn addition ‘ho l.aaof or. 2 "i inverts vhs 
Input puis-s Lb put and output wnvsforr.s of a typical ja«-tc-oua V. ar.->.r 

trssiforner ere shown In Illustration >■ 30469 A osgaiive a put pulse la 
shown having an amplitude of 60 volts a length of 0 2i atorossoond a rie 
tin* and a fall .1»» of 0 013 ailcroseoond Xhs output pain- la porHlve at<- 
ls delayed 0 01C aloroseuond with respect to the Input puls. r ho traau* 
forawr used Ins a characteristic lapedmce of 1,100 ohm ant. van tex ulnnto1 
hy a l,OOC-ehc resistor 

.’he «c rurrolator shown In Illustration A 2'>13 1 sscplc/a a scrleo o' 
grta tubes In tnc high-speed carry olrcult Slcoe the Input pulse <o t ga'• 
olroult rust be positive, oi.oh gats circuit Bust put out positive prltan 
Gat* olroultn with inverter tranrfsrnci« In ths p 1 a - u .cad can he ’u id to - 
this Tha hlgh-ypesd carry olroult is shown la IXlv.st~atlon a 30424 How 
ao3u:x.lato? w&r.ts a. a pulse repetition frequency oi four segno; - jl»« ''-‘ho 
olroult shown vi e tasted vliVO 1 ulor r s*aond pulses having an -. '-u .< o: 

20 volts llir rqulrslsct load restate-jo for the 5 Jo la £00, oh.ss Tl i 
1000-ohs roaletrr across the prle.vry ol the Inverts l-easfereor t• to c\x t 
e sol'.lafo.no in the plats circuit lie to leef-g* lnuuotascc sad alf.i to g: 
oapooltsnoo VUo load on ths tecoadtcry of the transformer it a > sc of 
1,000-obc out It tortlar.Cod In its ounrr.otorlotlc taped:e Tht dal \j '.a 
tha oablo lo 0 £5 Btsroseoond tbs Inverted puloa at hi t;r-nslorr 
secondary Is u«sd to drive the next gate tuts Ho grid clipping; l* >srioyid 
the delayed ptu.se Is uisd tu re net the carry flip-flop and to trigger tha 
part*al-uua flip-flop Our log tho test the gates wire held opou ly 

vlO volt nppl; Ths fired Mas far the oontrul grid *i* -d volts . vory 
■Mil blrs for tha > iS6 Tho delay par gate uOa Is a,;, rex* to to ly C 02 
■tcroseooad “a ref eras uro shown a Illustration 1-3CH?! Wav*-for* a ‘a 

tha input pules. Mnvsforn j j a '.ho pules at the grid if ¥_ Wi vefe rn 0 
Is tha pulse at ths grid of V* -fha wtvoforn of ;h- liliyii. pulse -ftor V. 


I 
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j ■ ' o' tuij a n '.:.• >£ < rt c ©a - , u.i . ta <•; 

■ MCrOfc* orifcsia rotlitgr: *1< ocr;«’* tkll ItAlW %9 lett'-ut 

tto.c -1« i of t'j 1C ■ lc ciui5.-t'<r*f tu/i jd t anjoCort 'o tr'.rovt 
■•b>- '»« ->i: «t -}'• cottr.'l ( ;rti -j .♦« it'i tli« '« >■. >«ic« le .. 1 . .iu 

pln’r OlVn<.“ 03tic*'.- Co.1} tho trlcjrt .orcUvri 1* tvuivi 

tMi'.rn «i out plot* Urtlui o-f I i eptn. nij-flaj art non la 

. •. > J • r ■ ! ■ • " -i 

r i 'A tk* rlM tlat :*d ft»l ilftc 

i > 

I 

3cncl«tt3 ;& 

E. Jl*. it.adl** : rteliu. t at tfi: fj'tu. .it til • \t tVm ttiho ilfo 

prod)** A ltd <tv vgr ft;tji . a 0 21 »*.-.»« «v. irssla c Pta 

vflpc - * olrot^orto 41 v lJ.-:|tc.. u„U«fio crrm! r. >V • -It i; i • • 

lift to not il»v>ntoly vaUtritca: t re-ti le to ra;«l!.ttoi trnv>' i.:;‘ 

Court 1 *. ijr '• -r» dlJ fl-ij * ‘ tv .t .rdT ;r >ae . It tote a!:.--i - i,; • *» 

■lire ! n • v~l 1. b« n • . <»■ ..■■ -.t ; t* .hc'.r S>ar. .- :e‘ . ■ It.', t.' raticia 

/it Itr . r . •» i 
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A-20339 A-304&4 

A-3C44C A-30452 

A- 30441 A-30404 

A- 3C4-.2 A- 3044? 

A- 304-13 A- 30448 

A- 30444 A-30449 

A-304*16 A-30459 

A-30446 A-30461 


Wo nhnli begin with the standard compute.- block diagram. IIlugtratio.. 
A-30339, used in sorere.1 <<f the previous seminara This diagram eiows the 
basic componente of the c aputer Zi.eee .-ooponant s have been 41 scueecd 
briefly before but more from the point of view of what they can do rathe: 
than hov the;' do tt. Mention has boon made of acme of the arl hustle clement 
details A detailed discussion of the storage will have to va-t u all lal >«r 
eomlnarr lKecueslon of the input and output will also be deferred- In 
particular, little has been uild regarding the control In tbio seminar ! 
shall endeavor to discuss the control and to show 3 no*.thing of how the com¬ 
puter will work 

First, let us njpr'ac-h the problem of c.et jmlnlt t.c dod elements 
by building up a system p .see by piece, Justifying each nev tIonian an !t is 

added 


Consider Illustration A-30440 ivery operation runt be ordered 
Vt» need, therefore, a supply of orders wt'l ln the aarhlne These orders can 
be Kept in the element marked Storage S'pposo that hie Storage is arranged 
an a number of storage places vhloh we call reglatsrs In . rdsr to facilitate 
obtaining the contents of these registers let thee be nurberei consecutively 
from one up to the Halt of storage capacity Thus, -each order will be put 
id some numbered register and can be obtained by having the storage read out 
the content 0 of the register having this unmber 

We nlso need some near.8 of remembering thjso orders, tha'. is, m 
must know vhV. oriar to perform next Thrre are several nethcle available 
It a possible to havs each order contain InJoimntlon as to wt»r o tn n'.'irrgc 
the next order is to be found This method ha a certain advantages but 1* 
wasteful 0 / storage space instead. consider the fact that orler* are 
usually used In a definite sequence This ie not always so, In "act. 
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flexibility in the choice o‘ vhnt order In ta to used l* ■ vtty Important 
ability Oi ft computer, but tl.o Inrgo eajor.ty of tlaeu >rc . re utec. one 
after the other I1‘. therefor*. the ordert are stored In the teoiifd 
sequence In adjacent storage registers, t)iey can ba obtrint; by rendlrg 
out f those registers Lr. oonsfcutivi ord ; r 

Now. lo' us proritin r counter whi:h ve will use to etoro the 
raglntor number o the ne.tt order to be uned HorBally t<1 ' ? r one order 
1» eit;,.ctod find -arrled aui r one can bo ndded t> the ci ter 'no next 
. order ti bu extracted vll '.her. be the ne.-.o m t : storage .t quango It 
rauet ba pospblo to chnngu 'hi" oequeuce •!) -n desired Ck t ( U 1 ; t>ia rumba* 

In the counter will bo considered later 

lllustr.iton A-d04*tl shews how nr >ra?r Is sat vp. vhe a.iu ’or 
holds t ' e number ;f the r^ gi iter which hold j the la sire i tree: >1 s 

register number lo real O" t . utc tha bui th'"Ugh r ?«t f r.M« tub so bT 

Attached' to 'ho a -r'.,;o sriet bt e switch .. .-ch <;.■ .r jo uoac to lei the 
desired cue of th storage rttgi rters fin - ruber travel ; down the 

bus and through a sthar e* t of fate tubon to eel this switcr. Thu det -ad 
storage register .nr tow byee chosen 

Illustration A* :S0*S-t2 phows tho next step, extracting the oruor 
from otcraga Thu gate tubes ci the etornge are o inel ar a the or’.ar read 
out lncc the bus A prob .em titn arises e.t .a who; to lo with the ot'"i 
As discussed in a i.rovton i acolnar. the erdare consist of two toot.one • 
une oe -tlcn ! j th - operat or older which otiid new <e p<nt Urectly tc the 
operation control The oher poctlar Is ih > ntir,register musbir which 

since Its purpone 1* to choose t ruabor f.en storage ehorli on suit »ti tha 

storage nwltcki t :s possible tc Seep orders nr.d nueibarp lr wo Uflerent 
storages but to dc * . .ou rt reduce th« flex ,1' .t/ u . e t -chiae " tr few 
compensating advantages It It p efersblt to have >u< •ternge whl - holds 
both orders and numbers and to ellocc.be sue Beetle is o. th.t dor :e na are 
desirable to ench use 'lie •itera.re nwlt.cl ‘... > ilr> wiy bee; i. cheese 

the regl etor holding the < rdi r Yhe orio. mm.ot on nent - Irectly ! o ihlr 
switch since no floe ts a •ntlalle far electing ,u l urepnrl> .■ ' 5 . tie 

recaption of a no>. ewllcb order 

A new reglstor. thr jU if k’rogrf- aegis ter, la prrvlded r ator'.nf. 
the order until the storage iwltc. con oe clenrsd The sf bus lr ured for 
the transfer The gate tuber cn the switch nre no. opened 

lli.iist/ lljr. \ "hl3 shows h-f Mv pa. ib.on a ;t up he 
storage switch h«? been c oared The order a road froa ;£ li.o 1 i" bus and 
frost the bug Into the sto mt* ivltch s-id lyttrni ;ou uonirel cwl .oh The 


I 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


> _ 


. i 






Mtoorandua V-59 


-3 


Apr! 1 9, 1947 


jpornil'j'J control switch locodin the ojeritlori i.der it n ' the opt attun 
control for the dt-alred operation The- e.i.rnp.i •« »J" ’ip 1 concept r. 
particular roglst-r to the Vis either for Bending or rsoe1-. lug 

A eompl te iirHime-.lc operation nuch nr an ad'll'-ion requires three 
complete order* two to tern the numl rre lo he ndded t. '.In frith.otic 
element, and ono to store thi result It b pctmlble t. ri'fiuc • this number 
If a result Is to he used Immediately, time saving storing the result and 
then bringing It bock to the arithmetic element lor the no operation In 
general the firs order ell L tr-inemlt one number to be op- ntsd. oi tc the 
arithmetic elemen llluttmtin A-3C4-14 tO-owo mica an operation Tl.e 
storage gate tubes ere opined and the dee.red number read '.'it into the bus- 
The ir.put ,pato tu-on >f tie arithmetic elnr.rrt ere J so op<itf>d allowing the 
number to go Into she art .rusetic element 5oe additional peratlme such 
ne clearing may be needed within the erJtliretlc rl.’nent "he ooritlon cen¬ 
tral will supply tho neoe ieery order yulsot 

Tho next order <111 put the tec r.d comber into tli. arithmetic 
element and order the ope rat. on to be per ennui' Tne entire t.'queioe so lax 
described must be gone th*cu, : ;h lor each. order One la nddru to thi counter 
The counter contents are •end Into the storage ewltrh » t 'ht iu» The 
order Is read out into tho p-opram reglet.: and iron there tr the itorige ana 
P operation control swrtchei The nev number Is rind from e 1 or age to tho 

arithmetic elemen. where .ha decirec 'teratiun lo cirri d cut -indo; the 
control of tho op..ration on-rl 

Illustration 1-30MD el..>we the rforage of an url throne etult 
The output gate tubes of .he ftrltnmetic u.emrnt t c < c.j>e:e- the rajull trene 
oitted to the bus anil Into storage via thi itor.vte Input gets tubes 

All the orders leaorlbel in on earlier sinlnn with iur excsptlom 
are described by he abov.. shelch-" The ■_;. or lrr e t > ; aim ns he itorngi 
order except thnt only part of the digits In the arlthm tJ« el >men ore 

transferred to storage 

Tho four except;onn ere tne shift right and laft orders <nd the 
sub-progroB nnu ccndltluu.l eub-proprat ordn•• Tin shift :.xd' -s lo not 
roqulre transmitting a nuj.ibe; lro.t or ts storage slice the number .o be 
shifted already lies -n Die arithmetic •lttcnt Thu us il ru odi n Is 
followed, tho storage swl i oh It sit, but thii stirngn Is not re id 

The uub- program opt reti me an shown lr. I .lustration n-i«46 The 

order iiae been extracted iron tto-ngi and stored l.i PR It a I t .e order 
1 has been traiiefer.-ed to liie clora.te and operation c >ntr 1 s.itibe* As with 
the shift operations, the etc rnge Is set up nut no rrn lie ipa atlon 
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coilro trailers Ibr r«sg a '. 1 r position u-cl ion of .be -rdt- it. IV. to ‘.he 
counter The noxt order o te taken will b = thu oim residing in t. • register 
deslgnn’.ed by the gab-profits, order 

The conditional nib-progriiit order lo nhown ia he sa»r» 1 nitration, 
the operation control gen. b • pulne to the irithuotio element It the sign of 
the number in the accunuli tor la negr.t <o .it evidenced j. t. .• ti'/-» sign 

digit, (ace the previous tenunar on logic for n discussion of r.ega ve number 
representation). the pulse is stopped and nothing lurthor occurs -ho ncr. : 
ororr in sequence ns giver by the counter vlll be t niotn end t.r ccu'putation 
proceada If the nuaber In the accunointor la loaitiva th ptleo will be 
returned to the operation control switch where i>. will chr ' the .witch 
setting fron conditional ruh-pngran to null- proem 'he r- -lrler . oultlon 

section of the rrdsr in PR vill >e trnnnfer tvi to the noun'- * ns v:’h the 

aut-pregrrn order sad the order sequence vl - b. change. 

So far today 1 have not dlscuestl the mechanism b.. which the con¬ 
trol ordnro tho opening ani ghat -log of gates i. c transfers numbers end 

information in ‘he machine .’h \ ordering cun l:e n. r laj-lis’ • <1 by ppi . n ( 

pulses to the equipment m the right pitoti eat » the righ' line* The 
pulses to do suppl ..»rt for getting uj the o.-cer and operatiot urr lrdopondet 
• f the operntlun t" be carried uut The p’.'nea to be auppliei i t dering 
the actual speri 1 1 an nre dependent th-, peratli:. ■ ■ atr 5. 1 tc- "L-ttln t 

We need, therefore a supply of pulses which ippe,.,. .> differ r.i lin-s nt 

different specified times luring thu course if r computr.'.lo; period These 
lines cen then bo .unnecte l to those parts th. equipment whi : 1 » i : e to 

receive pulseo at the uorrusponc.lng time '•a neei further the ubi tty to 

change these corne .ions ascurflli.g to the operation to bo cirri i out 

The basic device needed for a control ol this type la an uloctronic 
switch Such a switch la ihovn in lllueLri t u n .4 3-Mfrt Tile switch. which 

is a simplified version of the types which w .11 ne 1 ied in me mttu ,1 com 

pater, atiaiets of a uumie • of flip-flop circuit* who *e plate lo.ids .re 
connected to be through a ilodo matrix Tie swl' diewn co.tn ha aly two 

flip-flops ho each -f t,h,.ge flip flops hr« two rtr. .la «tst*< the switch 

linn lour poos.lie position. by adding $>re flip-flops, noj j p sit. ne nay 
l>e obtained iha nuaoer of positions 2 whei s n " number -f flip flops 

Thu switch operates e.e follows Consider the condition's nder 
which only the rt«ht baud tuber of a flip-flip 10 < 1 rheu. tabu - will be 
droving plate current walla the left-hand tubes of the flip flips !11 be 
cut off and vlll be drawlrg :ic pints corren v.u tubes draw curr nt through 
the diodes from it- vc. th< lif.d roslslyrs nt tin Itlt-hru.d ldi 01 he die- 
gras, Examination of Vh* dingram will ahuv thru ,ilr te luxront is lug 


I 
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drawn through only th-., th;eo lover resistors The toj line of tlio switch 
In connected only to tho 3ef -hand tubo3 f la : tlj.-ilo;> Jo cu-'-an' le 
drawn through tie upper rcn.itor and thor- fo; e thu upper 1L , <i 11 rO/iln 
at £H T).« lever thr.a l;no . vlll be at .*. potential lean t •n h- v lee 

drop In the loaf resistors The upper llro. thnroforc a positive 

potential with respect to the lowr three and v be uood i ;r cor troll lag 

a gate tube Suppose ws hiu go the condition of ouo of the flip ''Opa. 

say the left one no that the left-lmr.c tube of -ho ' of , ion' flip Hop 
draws current vhil.e the r fiht -liana tube o: the .eft hand flip-flop doen 
not ilate current will 'a crown through the upper rcelato; b; th" 
left-hand Lute lowering the oltage of the upper lino 't -ill be sect, 

howtivor that the third line 1* not conne ted t-> uny of he on tubes Ko 

current will be drawn thrcugl the ocrreepondlng resistor ar. 1-.nr three 
will be at a*- K& -h of tt.o .'our pcoslnle t sltlone >1 the '.ub< fllp-ilupa 
results in a dlfferen' output line being it b* inodes arc usud tn prevent 
voltage feeding back to the a lino an! t> Keep all the off lines ;.l the 
same potential 

Illus'ratio:. a-o04f2 shows how i switch of thin t .o can be used 
to make a time pulse alstilbutor which will produce time pu set ou different 
line* This distributor consists of aa e.^ht- dlodu siat'lx switch such ns 
has Just beer described The eight outputs i'o supplied to tv *>d cate 
tubes while the flip-Jlopt, driving the swit >t nr‘ ctmio'ted togeth in a 
counter circuit Suppose nov that all h.- flip flops n'e 1 - their off 
condition enc I t ding condition of the cull 

uppermost gale tube be "n A clack poise ettiea n from the -.es d-vn 

through the connecting line and up to the "rids -.i t il the \c« tu'as If 
the upper rate :ule lu >n a pulsu .11 a .tr which la iv rti 1 >. the 
transformer coupling and vdll go out ns a poel • ' is on tb. first lint 

If all the other gnts tubes are of: no pulses <11 appear n the amainlng 
seven lines After the pulse has Core out of toe ujper ,u»t tr be u will 
flnleh its travel through the deln> lire at the lever left .id *11. go in 
and change the condition cf the first flip flop This will nhuigti the 
switch posl lion so that tie •opor fir,to tu o vlll ,y iff •nd th< ec .ond gat* 
tube will go on Vhe appear: nee of tha next clou., pula- th -rrfoi ■ Will 
result In a polso on thy . econd lire and no pulws n n:iy c net 1. •» Tha 
second pulse will chnngo th, first flip flc back t a :ero tl a < irflow 
from this fllp-ll'p trlpp ng the secoal ft: -flop In l ■« kannor an I gate 
tube In turn Is opened so th/ t the .orros; ond In { click rulso* wile no, o it 
In consecutive c rcor utar lug with the to, -lne and finish' n with ’.he bettor 
line After the last pul.o appears, tha switch vlli o« reset jvd the next 
pulse will appei.r at the 'op line i'ho distributor Is acelvliu: a continuous 
string of clock piJs’S nr dividing than .. so that 'toy np .la.* • ,'onsemtlve 

order on thane different lima tf. than a complete operation vs . ocsldered 
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t o« u.-ncted «nei li « ! !•»’■ oKm. pul m> appears *>a r of ;(t tl ... pul •< 
distributor, It 1* only nice sory to connec 1 thi differ.-it. Ir a t t?■ so 
parts of tlu» equir iwnt wlno'. ait receive .milsee n. i h,* ,-r -spa •. iiu; 

time to hnra a simple con.r . whit:., will carry ant '! ;• -n 11 1nj: up *f t'u 
order 


illustn tlon 50- i :t)ows *.f< n tin* pulao c '• «i.. rotor an e 

uoed In conjunction with ;hc »pcrntior4 control nvHch to oi Ur the different 

operations T ie ’■ .me pul. te dltiti loutr>r la tl\e fmtu. an ’ tu\* „uat d-ccrlbui 
the pul one appearl i f lit oiBt.aiilWn order cn lines one thrt > r,t ol-.'i The 
33-pcsit. loo switch la the operation control switch which • au pi lad with 
the opez-n.lon aon rol pah. of the orde: ly ere af l)» L-2 p set lie at 

pate !u ooleetsd ni any give.t t.no 

The row of tint** tui on lit .‘aid tr. -.m.crt the Mr* pulse* o ho 

VAT tone parts of the equipment " it>a> ;u*>. . art e.tlectd r c. din to the 

pi ett ton of the operation csr.tr . switch 

•lonelier the le.'ta ai cn-e tuae It ie 'jwiec.er i. the sg ir 
clear and add order line if b< on ration «let. sal tc sfcu line . nly 
Th ore fore. wveisv-r n ca ipe atlon te enr: lee os' tale ate -.fill be on 
and the Ho l timo pulse r it the Lrfc pul re dlotrtauvr will ;> o t ‘ho 
line to whatever parts It Is connected .r any otisr port lor tb s gate 

tube will oe off cod no t me pvJLae will ifo ont the next pair of ate 

tubes have t.oli t i>- :c ei’nd . •. ' or: <ri . il par' 

of the equlp.-ent Kowev* -, .hoy supply uta puleen at nllloreit t neo 

according to lie perat 1. i ... It serried The loft mi t’.ta • ube 

Is cormoctud to the ca line while the r 1 gl -hand gsie lube 1« onnictei 
to the co lino Therefore, when n ca ope.-, tion Is to te cr.rrisd ont, a 
lino puj no will appear nt t):e 2 nr. t.li: s .. rtlln wh« to c s_ rp.ratlon 

is being earned ut a i nt pclee will api-ti . it Lime 3 -’nr"all other 

operations no tine poise at all will t .p, rr Ib.e fourth pate tub. lo 
connected to two cf lie operation line*. acli ml subtree*- por.itlcn* 
Wheanver an adl oi cubtrait urc.er lute boor, selected, a tltu pulse .111 
appear a*, tlaa 4 ■ >he output pf this da- 1 nllle on i.ll tfie jthe operat leu 
no llmo pulse at 11 will appear The last ,;nte tune in he the trd or:e; 

connected to the ac^ order ao) time pulse !.' 2 Actually 1 r .he icachlne 

there will bn soon., forty ir fifty of these gate lubse and 'hr .-onnuctl in 
oatricea will os .ultn ln^ge However, oue 8-poeltlou tins pul eo iletet- 
butoi and a 33-por tlcu switch v .11 be adequate -'or W1 lw . . I oc-.trol 

1 would now llk-u to resoitb* thi control 'ucessaiy fir carrying 
out p binary oriltipllsati in Illustration A 20404 eluiws tit m.dlf-ed binary 
sraltlpllcnllon lescribed in jim of the earlier remlinro fh. gsqu-mcr. of 
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oyoraUtriB io i.a follows examine the rightmost dl,?H of Ur bl' ol.er 
Add In the mul' lpllcru.d If thlp digit is * one /ell wing each email utlon, 
shift beth mul tpller and pA,"tlr.i product to the .-l^ht out f.lg.t Ag'.lu 
examine the new rightmost digit of the Multiplier and add lr. the multlpll 
cowl »the shifted partial pioduct Lf this dig Is a o he OontMiu-. this 
process shifting molt'.plinr i no pnrll/l product • t each its unt'I evvy 
d.git lr the multiplier has tan used The product v.ll r.ov ii c-j . l e 

The ' asic. easer'ials for hie unit ipl lent'.on ar< .'ovi la 
Tilustrr Utm A-30447 The multipl :-fjii la stored In a blurry -eglster the 
A-register while tbs multiplier l rtored In * second b.rrwy -oglnter. the 
B-rcgieter Tie product n built up in toe adding unit ui the no.:; vulator 
or AC Gate ti bes aro pr>vic.ed for edding the .-outents ol the a- egl'ter 
Into the accum tutor 

Illus tration A-/.C448 shows th- Addition o: p sensing devlce for 
examining the rightmost digit of a multiplier A ;rnt< tube Is com acted 
to the rlgitBott cigit lip flop of the B-reglster in such fashion ’hat 
this gate uoe is on when the digit ol the rlghtsttiei column of the 3- egista 
in a one A pvlso is now supplied to till 3 gets tube, and lf the mult iplier 

digit is n one. the gats tube between AS an-. AC bo ■.pe ,d and the 

contents of *£. will bo ndeed to AC 

Illustration A-30449 shows tbi b pro .'1 red cr ini. ting ti e 
multiplier and partial preduct oy < e f A sooi nd gate tu:v ir pro¬ 
vided which is also connect.- the rv< lx c-t of the sj 9 : 

This (gate tube Is arranged so that t la eu wb,i:i Mu ri.;ltBoet l t ,lt s a 
zero When a pulse lo nujpltad to this ,nt tun* th s cor.te- ’•» of ilia 
accumulator and B-register are ootl eh.ftud r\s right one digit The 
digit which would .rdinnrlly ho shifted o’:' e accuuul itor is put ntc the 
now empty •pace it tbr. lelt-hani #n of the h-rrglatsr 

Illustration A-SOdbO shown a connate ovatem .or r irrylng out the 
successive additions of « multiplication ho cl.e, pulses .re supplied a* 
the bottom line If the rightmost .:lglt of r.o tilt ipl ter . ter •, rats 
tube No 2 will be on and gats . »be No 1 w’ll „ off. The -1 • -k pules will 
pass through ga*e tube ho 2 onl ern-.o ’fit .1 ttal prod •: 1 /C r.nd tae 

multiplier in BR to bo thlfted to thu right ono digit a i.ultipller 
digit will as put In th* sensing position 

If th.< xl.-^itmcst digit of tlu multiplier is a one gate lube 
No- 1 will be oa and goto tube No I! will bo > 1 ’: Tho . lee. pr.'.m wili 

pass through ga's tube Ko 1 and add the rvttcute of Ai< ’.nt AC This 
pulse after pansln,; gat* tubo No 1 will nluo roturr t. tb 1 ’ho 

rightmost digit of ilH clangin ’ It fioa r on« M a roro I « m-jI .Iso 
to come Along will fled guts tube Bo y or ,.nd vill *lil:t i> it rad add 
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oa?1i •m ( i ,->i' tin* y* i t dal | ar a ' i ter ari >b 

• n 4iXt'.]>ltc«nd a added t il* p.irttnl pxudac- arh o t *r i I th< 
•*»1’ ?l <» « aw I >■ tmilt'j.lli digit. t • -.o. i •. *..*• : i ■ 

j performed 

lUuZra'.lja st the t-ospl«-.e aultli>Xichllaa c ntr -1 

f.:;-flap In us.d to eor.t il & gn to tube cu t;e slue:! pulut npi As-m 

ft. nO'lpUcat ton ' n desired s Titil.se l« »i: Into llv. a ^1-] flap t t \t! 

■'* ill pi a -•«-« a«l stadia.-, clc-ci. palest «• n'.r 1 iir< 

v’.siii y neat 1 s< 'id for fo/ 3 l .. tl* success. •> a- • tl .•!.» t- ■ t ■ V -*»b. #t 

A otiuiltr l» nppl ltd for a. ,.i 'ag the art.'lor. wa-m to suitijllintj <u ' » 

cnBplt.w it nac.l shift tb'.'i un-er Is rx.itfv ;*.'j 11 »b < ;l he ;i 11. *1 
1 i full l will. .M ild aa V'. rf 1 w -n.’. ee d. .1 to la- .n> . : J 1 ;; t lit .".tug 

'f it. n'.oji ;.'*!*•« ,v»is tu.-.ii fir. stopj la, he ; .It :li .p :wh b. go into: 

- » set UaS -n • <i t'llt'pl. r,i U a pbrv wilt ji «l. .jpci 1 n toi jt. j 

digit of lie aalt pller Use *«m «voi'ti«c 

.t wool.. be posslo.e to order ti< ..ttltlpl lent on rattm u«t.-v 
> cotir-'. v.airl'iut’t pi i< vlti’i. ., i it i i r.v . * ue«. t 

t i ordsr'.ng »i,tg of the stapler opera*. Ions iO no «dd - sin aid ? ' 0 - 

ftctlot More a rapt tested psir.tlcna su>.l r« -iLllr.lt at ton ii »' ?ioa 

uhiy t« aort 'kUapl.v ead of f 1 • er tly *«compl t she. by u: i n.' sip ri a :cn- 
ti-alscf the iyp« .len'.locaA 


FJti.hat »h 
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Ir the precerttij sestnar 4*. ecus stone we to** concurred the net ire 
.f electronic dlf*tal co.c >utar* nnd liavo studied seme of the circuits nee 
for arl’.hootJcal co.vputatlon Slock diagrams of a computer n/steri heve b or 
outline' arid the nature of soma mathematical priblnirs wfciati will be »n 
countered ir numerical nnilysls ha/e beer indicated by Or I/cud 

‘jne sheuli ewpliislxe certain ehn.-nctorlstlc9 of electronic digl ol 
computers which hava alrsidy been to rched upon Slcctranl :. cpuir -: of b 
type discussed will be prtctical only when used in such n .i.v-nar tba* vas 
amounts of computation Mi be accomplished in proportion . ■ the anour' of 
tnnuAl setup and progrr.m.ting which '• i required One way in which tills ca 
te acooopllshed was outlined by Mr i.vere’t In hie ilecuss'on of generali od 
•atrlx multiplication T nci generaiir.ed yogram for matrix ail tipi i,;.’Ion 
Involves only forty-sevan eont.-il orc.cr* and us capable of multiplytiy; 
together any two matrices of site wl'.tun the capacity of the m&ch m Th 
forty r«»en orders Are sufficient o conti >1 a cccputatloo reqnlr ua t 
hundreds of thousands of iperntlonc The uatri multiplication is a 
example of use of the ns. nine for conputat u n of its aw- controlling •ro- 
*ram .'he outline of the problem to uc acooapi. I rhwd hat been given ' < th 
computer, but details in the carrying cut of ’no individual steps err cos 
puted by the machine an it carrion ut the requited nuiucrl nl p«: it one 

.engineering hae now reached a viewpoint long held By the o, he- 
satlciau in indicating the solution of n .lonlem The VAthematlc' an ofte 
considers his problem solved when the fort of the nolution Is snout id w u. 
It can oe written dawn ia a ooepact symbolism Matrix operations rl-o us 
. one example of thla symbolic notation ethers cm /e found 1 : the 1 «at o., 
of series and in many forss of me the rantleal shorthand Since this a; -he 
• at leal shorthand nolatioa contain* in it all of the Intonation no or <ur 
for the solution of the problem It le entirely possible t> serhatilt' the 
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iiorthand notation tnthoi than the Individual stops of trio cosyats' toi 
T.ie c/Bpnter Is, '.lie refort . nbJe to carry cut a long nerleo cl ope.-ntl:>u« 
t!ie pJaf for whlo.i ha* be-n .indicated only 1 q outline or symbolic re 
Ooner lrr.od progr.-iB* of tie nafie typo Illustrated for am rlr multi. list . 
cmld e.iuilly we be nrr<ng*d for the solution of ordinary linear 
<1 'ffere/.' 1«1 equal oca or the evaluation of determinants and fir tie 
evaluation and su/iiiatlon cf seiies operations. 

la the ‘.eld of engineering we can ale* expect that elallar 
nhorthar.d methods of getting up problems will ooac into u»e lake for 
er-jonple the aolu ion of • lteraating current network problems 
Hi 1 UunsteJi of Toe federal fewer Cco’trlesion gave a pe.oor at ha 
li.st American lnoitute ol klectricnl finglr.eere- Convention In Hew Vo -4. 

C' ty dea.riblng the Banner in vhlcl. ha hac used unched card calcuie.t ng 
vt chinos for the wluiion of alternating current power systems Hr thine t -.u 
dated that even -./It . clinched card uqutpoeut and the rele.t 1/uly la-gs aaot: it 
cl manual operation Involved, It was still possible to eelvo a-c power 
»} stems to approj sately the sane amo'int of tine required on toe not work 
nraiyzer He also stated that appror'.stately m* talf of thn total time 
we a rrqured In ti e planning of the problem and in the selection of the 
cl-cult loops which wore to be solved It oan bo readily tnagloed now 
ever, that with e sufficiently powerful and flexible digital eompu' in; 
machine a generalised program could be e ntnltl i nhod for the solution Of 
tie e-c letwork problem Sued a solution sight ;t ect up on » nodv.i “nsie 
After sufficient Information wna provided tnrough the input machani sub to 
conj/letely descrll-e the po<er system. It s.ioulr be unnecesswy for tlu- 
operator to describe the exact ivothod in wilch the solution will be 
aroonpll ,hed- 

A generalized pr >gro* for eolutlon of tho ».-c network syrtor 
Involves mathematical peritloa In complex quantities and 1 oqually veil 
suited l computations In he f.elds cf vibration and etrea nnalyele 

JJvory advantage possible must be taken of the lar t -c scale digits 
Computing machine It Is not sufficient that one merely iso it to -/place 
thi humac operator oi a de jk -.ype calculat'rtg rarhlne Since the electron 
digital computer can fellow alaost any operation of control or copulation 
which can be described, 11 la essential that one use the coroputer Insofar , ,t 
possible for the preparation of ortgloal dnia anr for the correlation and 
interpretation nf resolte of computation As an example cooeldsr the 
eolutlon of ordinary dif Ojenll.nl equations with tloo as thn icdepei dent 
vti'iabie Whore the solut on of several dependent quantities ie obtained 
an a function of '. me, it often desirable that these quantities be 
plotted i gain it ona another rather than agi.'-net tha Indenoncer-t variable 
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In uuch a problea toe computer should b< i.ied for the roqu r id sor 
interp > vlc.g and plotting of the rti.ult, in 'hi exe.c' i' desired 
final u-e 


Many research prograno In physic* and T-nt hemal. vro now hleel 1 
by the excessive miner leal computing necessary to tho next step of pi ogre s 
lorrclatlon studies In economics. medicine. and the social sciences mist 
Dave tho solution of large determinant s wnlch only high spied computers a d 
9 betto.- understnnrt'ng of the ’mderlylny mathematics can p nolle 

After a large scale computer has been in use for a period >f tl j 

libraries if control programs will be built up and become va lable for u j 

on future worm Programs for .hie solution of many claaans of pro bier: a ca 

be prepared and other programs for special problems can of < u be l" t up 

as composite groupings of sect'one ire a program-, on file 

A large scale electronic d'tl*ei computer will in an expensive 
piece of equipment, and n order to be practice- tt should be Icept in u« it Ion 
moot of the time Ihir thormore continuous operation of mu h a computer v 11 
bs hlgh.y desirable for the reduction of vacuum tube failures and for the 
resulting Increased reliability and freedom from operating trouble To 
provide sufilclent computing load. It mey bo necisenry t? xtond ths sphe > 
of usefulness of the large ecsur machine oy long distance teletype coimoc ions 
dot bed s are now being consideruC for teletype transcribing equipment for te 
remote trausmlsston of problem i t? large scale computing equipment hlan ar» 
being formulated for mathematical centers tn several aeetiens of the Unit 1 
States whore large scale electronic computers cat be located To these w il 
go probleoe from organizations with It sufficient computing load to no if 
lirge scale machines and operating staff of the'r own 
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3-38171 ; 

A-3036I 
X 30362 
A- 30344 
A 30366 
A. 30364 
A- 30466 


• ada} » dl cusilor. if cotc-.ncd th oat '••■•.lent 
problemo oi enacted with th< use of high- weed digital 
coraprter» ij>d act with their detlgi /.» t conse¬ 
quence. th< re lc little dependence of to i; • c 
discussion on tie talk* given is tto pas'- two woke 
by )lr ?o« ertai anl str K' rett Y .is ar 1 
particular there will be no bius.y O'uqput itlt i ■ 1 
no cocpl '.ci.ted progrna or«U •- ’ll that is steered 
le a cnolii.e whlot :ta do arithmetic or < piogrwt 
nf arlthiifi: uekputatlor Ihe only prop .irt Its of a 
Whirlwind computer which ar» dlfforei.t fru : detk 
calculator are ti.oen of spt -A, .» d allll' to follow 
c program t utoustitn^iy It nay ps«tur* to 

study problems of use of a sauhlae v!irr e jjoMm 
I s not yet In ejletrtaoe. but it up veers t ./<t the 
aacllne will be able to mrllo . *o 1 -.s ..clvlng 
more aathecatios than we now know about 
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1 aha . 4 uwne o«t> eiant lonl pro'*r frot the poli.t c.l 
fli< of errors wining in (to nuns Ion m » physioa! pro 

lei' Men su solve i phytlor! pro Vie:' tv :u:.erlual v to ;ln 

fc/ emulating the .u-iblost in c.thutsn> .cal : rti, u.ur.'i/ 11. S'arenile 
aqu liono er Integral rquotlocr Ve should notice .Hern that vh.t 
sin 'tt always Involves an lde«l sat Ion of the problrn Ihe true 
phy ileal situation .b too tor;Heated to ejyree* In ternu of tu .the 
eat Ice whlcr. oan be evetiy he; died .« uan dlfferetlal <• quatlons 
Ceciuoe continuous tin the br lie c 1 « raost «nnlhandled : 4i 
pre ie.at-dai knowledge Hocavcr It l- pocn'-tle .0 rer-'dsnilT* r. 
pro lo* It My well be that ’.hough the physical rc 1 tj hue a 
aolitlon, the Id0tell3»<l proble* may fail to love a lOVuttun 0 .' lta 
solution may not toll the true physics; situation. Pur uvunplo 
re .iav» ■orxsd with an oscillating syetea tlv»t cxM t' i abstained 
oscillation* Tf In the ainlj&le of the ujctoa the equalled:' were 
cad' linear, the mihsMnlldnl Relation tailed to predict sustained 
oscillations bat would ‘only predict looped 0 to illations Thu*, by 

ove:•«slepllfylng tho jroblea .s rail :o obtain over, a -.Oulvtatirely 
cor-act soJvtlon. 

Cnee the .ir.biota le 11 rsulsted nathenatloally .n non -rlcnl 
10tho 1 of solution 'a devised and carried through ag. ... npp r vx' 
sat .one are nndo A nirvsr leal process la t dlscrat process aid at 
\ i-iiHUlt cannot posnlaly give the tats solution of ct r,.l uiou ; 
aat'iostttlssl :'ors*»lni Ion The result of such « proose 1 n a s ;uenje 
if ambers which bc/ira »om« relationship to the ph;. in 1 prcbl itt. 

Dsoiase of the may a >proi'.malions an • tl ' seque . m.ab. •* 

Le blxcet corin'a to >e In error Shore nre three rlr.o .pal sourer * 
if 1 rror in the protons d«nor.bed above The flri* It Vnp.'Ope- 
snthcsntlcal foranl&tlon 0;’ tna problon ■ ov/,- Ide. l: - Ion ’he 

iccenl source of error Is the error which le deliberately 'ntr 
Vac< d by using a dieo-ete prooeus to stive a aontlin ou . t reble 
Such errors are callo-'. truncation errors They receive their 
•Lame 'roat tha met thit vfcnu ■< rueerlcsl Integral"-.: •• performed 
the value found le n runoatlon of the area represented ty the Integral• 
Host rf tha discussion of ibl . talk wi 1 be concern* 1 with trurration 
errcr 2 hu third oau-ce oi error Is rounding off it every Inter* 
mediate atop of the n. ilutlca wo la-.ve t uuaoer which t Mprsvi’.u with 
c fla’te nuctoer of decimal plnocs Ti ls it aUuat r wayr an approxi¬ 
mation and thus Introduces an error Analyst* of i vurtlnp*off error- 
la exceedingly difficult 
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In the disci snl.m o iruncat on error we-will 11.. It ourselves 
to v.jjr nliBjitJ c° <e«, onset Whure the exact suit tlon Is kncvn There 
ere number of ruanots for restricting ourselves to aush ensae fire’ 
of e.l, the truncat ler error cun ;e airily sad explicitly. klao unlest 

vo h ov the true aolul Ion ve cannot ejurnltd tht error well Yho theory 

of t lerential equation* jirovldei tht arums which wiJ.l *;lve an ootiw.t 
of t coatlvc error ii very general ceses. However for s apooiflc 

;rol e these theorem are much too crude Still aroth.-i reason for c n 

finl ourselves to pioblets wh«rs the eia;'. lolutl cm is it. own la the 
temp .ntion to acoept r numerical eolation ns -ensonroly rciurato whon t 
la t ' only solution .a have i'ho only way o' cbte._ulr.f- r eolation in 
cany ;.roblemu le n nuserlosl swthod. However e narnrlc&l solution aty 
be b i-.ly in error os ve snr.ll sno It la always the terjtf tieo to feel 
that the numerical aolutlcn 1 • i <;ood nj roxl'aat on 10 the true solution 
boce »e it in the sett we hevi a set of numbers if prlrted neatly, 
look very impressive Out a w-ong set of figures leaks just as Impressive 
as a correct set 

Therefore thla af te .-noon we ahalr solve two differential 

equn ‘one 

2 

* y and “ -y these are eijuntlons ..'or wfcioh the exat 
US C l* - 

eolulon la known Tie aolution of the first 11 y ‘.e the value ol ;• or 

t ° 4y 

t » 0, le y « y r a ; tie solution of the second, if y * a aid * 1 fc 

t ** J 1« y eln t let ua eonilder tiie numerical aolution of * i 

The .tape are illustr. ted In Illustration A-3Q4f»b Ve *113 find appro rl 

mute values of y for t « 0, h, :fli. 3h, . ah To jroceed fros 

one top to the next, we as*us< that s conetruit _n lie interval 

C v 

otne acred and he a th. value which the different lei equation prescribes 
at the beginning of t»e intervn. In Indlv, the v« '.uo et t «* h, we 

star , with y & at t « C, a-id as-nuia that '•* has the constant value for 
t between 0 *a.d h. Urdsr this assumption y. , the Value cf y for t * h 
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will e y 0 + y^t or 'o find the value of y for t * •. v 

Musi' • Chat has Che conetan' /due y, for between ai d 2i .u 
the /due y„ i t t • 81 will ba y, * Ig ^ • y^(] h) ■ y 'l * h) . 

Cont rating In this prcoees It .3 seen that / the value ftr l = nh 1 « 
n n 

y^Cl r h' By use of thle formula we on 11 aoi- vhero th-i approximate 
eolu.lon le rfter any number of steps bet un lntrocuc* Che viirlnblo 
by w'ltlng n «■ g. Using Oil a w*> rind that y(') ■ y. j^(l ♦ h)h 1 Vfc 
ccn tee from this how Che approximate solution tries to ba y^e ‘ We 0 oulf 

renb 'bar fro® elonentary calculus that the expression ;i ♦ h)y, approe 'ho • 
e ns 0 Unit s.s b npuronoI.ee 0 'J.'hue es our tops rue talcsn shorter t> d 
shor .er the a;proximal* eolation beooces more and more like the true 
sold lor An important fact to notice about his npy roximste solution 1 ,1 
that the ratio of the approximate solution to tho trie solution In squ .1 

[ il-t-blF 

true It turns out. for any numerical solution of this type of a linen 
differential equation with constant coefflc 01 tr. 


to 


which 1* an exponential function ol ties This will be 


Iht process just described Is very crude It can be throve to 
scow extent by elaborating toe process Jk’or ixrtuple- Instead of maki .g a 

<j.y 

etr». t -ht line extrapolation of the elution au le done :y •.ssuvln.j ^ o 

be CT.stant, we sight sales a par at/lie extension of tfca solution y pa sia. 
a pa -abola through the bait two ci iputed pointe of tie -olutlon with 1 a 
proper slope tt the last computed joint Wo night aleo lm, rovu the nt hod 
hy a numerical Integration of the extrap ol -<itec. tolutloo If the alffe 

(n L)Is 

entl il equation Is written. In tJ • fore y , * y 1 y it, where th 
n n * 1 "'a* 

y ii a 

atrapht line or parabolic extj/.polatlon of y Is usee, ae the Integrand 
the -'alue of y^ f . ootalned 1> an Improved approxlmrtlcn An explanation 

of t ie reason for using «uch e> simple process night be In order It U 
true that rorr complicated nusi rlcal processes will #;lvs more accurate 
appr 'xlm&tlons However, the philosophy ado-1 to for numerical solutlc .s 
lias oeen that the machine is trot suited to simple processes repeated 
rapidly many times rather thin complicated processes repeated n lesser 
numb t of times. This utlll us the extremely hifgi speed of thr, anchlr 
to b-tft advantage 


I 
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Let is i:oa c nalder the numerical 


no lu. Ion of 





whlc! the true uclutlor. le y B sin t. Tn order to dlsitiaa the iivjsarlo. 
•olu' on of this equal on, It la necesunry to discus* crtnpe oacll.r 1* -» 
end to Introduce the cc ncept of n dump: ig ratio. A * nipec oscillation 
la t) ‘ solution of a differential equation of th» form 


,2 

H* 

dt^ 


2 tfte 


dt 


0 


C le .-ailed. the dasiplni. ratio. If t la tero, the solutlor le ur.danp od 
If { la botveon tero aid 1, the solution le unlerdampad* ll t la oqvtn.' 
to 1. the aoluilou la i rltically d&syen and. If l la greater th*n tl 
solution la ovsrfftoj.ed Alto 1/ t la negative. ’Jtc oolutloi- la nagr 
tlvely d/iapoc.. \A lch mans the aaplltuc.o Incre.-.st s with tin 1- ( le 
betvt a tero and -1. lie solution le an onclllntlon v.tl exponentially 
Increasing anplltudo For those of you who are no re latilllrr with tint 
constants than with darplng ratios the damping ratio a equal to the 
reciprocal of the tine constant In thlt carte, where the ir.dtmpo 1 naturr 
frequency lo unity- Ifc te that for r.aiy live damping tlie tlx; constant 
the tine for the amplitude to grow to r tln.^c ttn orlfln.vl talus 

.2 

To naive the equation —* ♦ } * 0 we fora tvo simultaneous 
dt 2 


first order dlffrrontii l equations; ^ ■ v and ■ -y The principal 

■ethod used in solving those equations has been that if linear extra- 
pol&t-on ar.d lntcgraticn Die results of this proceen will be shown li 
sobs of the following illustrations- The swthod of sclutlon le briafl: 
the following he write the tvo equations In .hi for& 

/(n 4 llh 


’l 4-1 


v dt 


nh 


v 


I 4 


1 


V 

n 



(n v l)h 

y dt 
nh 


Thun to extend y the eitrapolatlon of v Is Integrand numerically, wall 
to ex'and v the extrape latlon of y Is Integrated nmerlcnlly The ra»u tn 
of th-e proconn for values of h iqunl to /8 and l/\0 of the period of 
the undamped vibration are shown in the flrit Ulus . atlon, 3-3W171-0. 

Vo tic- that the approxlaate solutions exhibit n negrtlva -lam .Ing chnrac 
toi ls' le lh* lolutlcr having ten points per period '* tiia oatter of t s 
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tvo .'cause of ltj sho-ser ntop length The * ooncimts of , j t 
eolit on» are 1? secern i foi ;ho solution ha-Ug a points per po. Ud 
and 3 seconds for the solution having i'J pc late par period SS i.so fcs 
t.:tal range of graph a".>wi 5i atout 32 seconds, It can be soon how thee 
time oristant s no uall,< ora exhibited r .t. Illustration 30365 the 
numerical solutions are shown for tome other step lengths Notice that 
for Vie linear extraposition and Integration the apparent damping ratio 
are all negative- The aethii always brings an exponent*..11/ Increasing 
truncation error We sight roriark on the wornt case that o.' 2 ulnts 
per period, which shews a darning ratio of - 516. Tlits onsite lt> time 
constat periods in the first 6 periods of the true solution 1 nr ths 
amplitude Increases to >16 tines its propsr value In .5 periods o-“ 

Is approximately ten ml .lion so It can he Beer. J ist how bad trvueat'oa 
error can became . 

I should lllta to consider next parnbolls extrapolation /u.d 
Integration using 2 po' its and slope Of all t .c methods considered 
tills gave 0/ far the be it results. T Hunt rat ion A- 30362 ohowe a parr, 
belle extrnpcla .lea 1.lustration A 30344 shows the application of tht 
parabolic extrapolation and Integration to the solution of o'ir dllferen lal 
equation The shaded a*ea in the figure represents the incromoate of y 
and v Illustration X $0366 shows the results of : sing more coapi lento 

d 2 y 

numerical astnoaa co so .vo the equation “f: * y m X. The first 1« when the 

I «* 

linear sxtrapolat -on «n; determined, by the two previous polr.' s c. the 
solution rather Umn by one point and toe prisorls*! slope The reaoivi is 
the result of a combination of parabolic extrapolation t v linear Integrt tlou 
The third Is tbs best r isult obtained using parmbolto extrapolation and 
integration. In uoch aieo t;v re were twenty steps ;:»r period taken 
Notice that the prlnclpil term of the approximation In the first In c.ao! 
case- The second term .s always rapidly damped out. In each cane the 
first term Is very cloai to jin t, the frequency being approximately 1 i nd 
tho coefficient in the ojqionont Icing very small. 

We also attnii.tod the numerical solution It 'hi cere of an 
equation with s j.osltl-i damping ratio In he undat'ped can' we lound 
that *.f the number of y lnts per period was V or 3, '.lie mcierlcal solution 
always exhibited a nega.lve dumping charaotorlstlc- l« fcu.c alt' that 
even though tha equatlu i had a positive damp-w, eharat eilutic 'he 
numerical solutions al'/iye extilblted a icgatlva d-iapH . ohiraoterlstlo f 
the number of steps bee one loss than 3 per period This It nhowu 1 j 
I llustration A-dOhM wh ch slaws apparent law 1 .g rutl . as a function of 
points per period for • jrlous positive rujtplrg inis In tin equation 
solved Notice (Ut f u • nor« then 10 points per isrlca thi curves do 
approximate their prop** values quits closely out the. lr lies than 
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t po ts per i orlod, <,1.1 oJ t) o curves aeoone negative aboving u.,; t) . 
negative dwnpl sg oharsoterlstlc will aJ *nya be presort, l'hlo .ii :r Aoi 
has lean druwi lor the cosi 31 linear »xt.rapoat Ion nd inlegr< 1 l<n 
However the same character Is tit will ts protont wlU any vsthod of 
extrapolation ana Integration asiong those watoh 5-ave dean deec-lbid 

Another Idea which was tried van the numertoa- solution of 
an aquation which had tvs natural frequencies, one 1C tines tin other 
A step length wan chorsn equal to 1/30 si the linger period and equal .a 
1/2 of the shorter period Chen th<> nuncrloal rsthoc was tried. Init ial 
coalitions were chosen so that the high frequency tern would bo core- 
pletoly suppressed In an exeat solution Unfcrtunately the nun- ricnl 
solution did not suppress ths high frequency term nnf It appear i with 
all ltn wild dlverslo 1 In the nu'serlcrl solution. ctll.aratlnp the lor 
froquenoy term quite cjmpletaly 

In conclusion. 1 should 1 lxe to mnta- r few reitar'cs about the 
other two sources of srror ilrst. consider rounding-off error 
Hcundlng-ofl error le of Importance wits high spred calculating Anohin;#. 
In a normnl ocmputatlsa the nuober of rounding-offn Is small, but In a 
numerical solution using a high- speed machine thers will be many thout inds 
of roundlng-ol fs which will Introduce considerable rounding-off error 
lTOfeesor Pademgcher of the University of pm eylvf.nl 1 has studied 
roundlng-off error Us result la that rounding-off error lncrcaom 1 ice 

es h grows snail 

With regard to errors d>ie to Improper forcvla .Ion, wo s< o th 
necessity for existence proofs The fact the a phy<lcal probica has 
solution does not Justify the oonoluoioa that. the Idealized problem ha > n 
solution A differential equation may not represent the true physical 
picture all the time JPor • (ample 1 suppose In formiiatlar a problem e 

dy p 

wrote the differential ecuytlen *• «* 1 + j ‘ and we d-ilred the solutio : 

uC 

of this equation from t ■ 0 to t «* 5 We would find tbit tr.o uua< rten 
method of solution would diverge i-hep rlenoe with linear equation* vc .Id 
suggest that the stop length of the process m ould be shortened Hove rer 

with this equation no natter how much tne asp length 1 1 shortened thJ 
divergence will persist She reason for tha divergence le noi within .ho 
numerical method 'fbe reason lie# In the differentiai equation ltjelf 
The solution of this equation is y - tan t. n.d this 10 utloc is bound to 
become Infinite at le.,et ones between zero at, f. 


Y~h~ 


t 


WoMJZflflS Lcr Ji 


WSl>: vh 


Wsnen S Loud 
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4 ^- + 4'0; TRUE SOLUTION : 4 =■ SIN t 

NUMERICAL SOLUTION 

LINEAR ONE-POINT ONE-SLOPE EXTRAPOLATION AND INTEGRATION 


NO.OF POINTS NUMERICAL SOLUTION APPARENT DAMPING 

PER PERIOD RATIO 


. 00382 t _ 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



I 



APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 







APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


-^T- + L| =0 TRUE SOLUTION L| = SIN t 

NUMERICAL SOLUTION FOR TWENTY POINTS PER PERIOD 
WITH APPARENT DAMPING RATIO 

(I) LINEAR TWO-POINT EXTRAPOLATION AND INTEGRATION 

4 = e ‘ K0095 ' fc [ >0 |2| COS (l.04t) +■ 1.0459 SIN(l.04t)] % =-.00913 

+ e” 5 9t [-.0121 COS (3.956t)-.0459 SIN(3.956t)J 
(21 PARABOLIC, TWO-POINT ONE-SLOPE EXTRAPOLATION: LINEAR O NE-POINT 







63 4-5 


A 30364 






A-20*6 f 
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Data jZ leport - inn oar y 15. 1S46 1 ago 1 ot 

Sub.io : Tii# Binary >>at«an of li'iaber# 

Meet fi jb' loo Tha reprauavtatlon of daclucl. ciunorn 1: tba bi: ary 
Tj>a5e«i end tta procur.ao of blnnry nr burn tic *ri expl-uond 

Ulaous7l)n 

-Tj 'agoot ot lq .i <. f 'Ure btr a Tin daclm c. cyttrs t.ik«.n • i none tom tiw 

foot ' ant It la beaod on, tco dl.- ta (0 1. 9.) nod. nil - into art irs ooupou-< 

of tboaa 10 dlglti The tla.vry ay «•.. >. an ilogonal} , taint * ua»a f-o'i t. i 

fact tdat it la tccac on 2 di'iCs, ( ,0, 1 ) and ell numbtrn i tha taary uyat 

ara ande up of tbota 3 dibits Thn bnalua ayntr.a la# a baiio of 10 tna bi.nar 
ryat* hat a taea of 3 


I 









Oaclaul 

s y»‘-» _ TsakU . 


I 

a 

3 

4 

0 

6 

7 

8 
» 
10 

II 
12 

13 

14 

15 

16 
17 
30 


1 * 10 , 

1 * 10 , 

1 * 10 , 

ixio: 

i*io: 

1 * 10 , 

lxicj 

1 * 10 , 

2*10 


1 * 10 ” 

2x10® 

3*10° 

4*10° 

5*10® 

6x10° 

7x10° 

8x10° 

9x10° 

♦ Oxl0° 
4 1x10° 
4 2x10° 

* 3x10° 


4 4X10° 
♦ 6 * 10 ° 
4 6x10° 

4 7*10° 
4 0x10° 


Binary 

•if# to» iv.yaValopra 


1 







1*3 



10 





lxar 

4 

0x3° 



11 





lxa: 

4 

1x2° 


3 

100 



1x2 s 

4* 

0x2. 

4 

0*3° 



101 



1x2* 

•6- 

0x2. 

4 

1x9° 

• 


110 



1x3* 

T 

1x3. 

4 

0x2° 



111 


■* 

1x3* 


1x2: 

4 

1x2 



1000 


1x3. 

4 0*3* 

f 

0x3: 

4 

0x2° 



1001 


1x2° 

4 0x3* 

4- 

Oxa: 

4 




*010 


1*3? 

4 0x2* 

4- 

1*2 

4 

0x3° 



1011 


lia 3 

4 Oxd* 

4* 

1x2. 

4 

1x3° 



noo 


l53 3 

4 1x3* 

T 

0x2: 

4 

0x3° 



1101 


1*2? 

4 lX.’» 

• 

Oxa: 

4 

1x2° 



U10 



4 1x3* 

4 

1x2 

4 

0x2° 

m 


mi 


1*3 3 

4 lx.l* 

4* 

lxa: 

4 

1x3" 



3 MOO 

IxsJ 

- 0x3? 

4 0=2® 

4* 

0x2 

4 

0x3° 



10001 


i C x3, 

4 0=3* 

• 

0x2' 

4 

1x2° 



10100 

lx2 4 

4 Cx2 

4 1x3* 

4 

0x3' 

4 

0x3'' 




Daolanl nuannra tinea .aay ht-ra a bast of 10. a- 1 / bn traki 

Up 1 3 b 3 30U«II> of 10 

ok 306 765 a 3x10* 4 OxLO 1 4 5x10° - 7xl0 -1 4 9*. 0 1 4 9x10 3 

In tba a ana any, tuner/ nuabtra alnna the.- bavo a tana of 3. cay t>* brokan up 
late ljwvb of 3 

• K. 101 011 o 1x3-' ♦ 0x2' 4 lx?° Ji 3 '^ 4 ]x3 3 ■+ , .. 
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llrport 90 

• 

It Cf. (tO l-OMl r-OB thi S O' t-*t po*»r. <>f till O, •« 'h-‘. .i* 

drcln piece* I unit*, ‘.m* >ii. ■ the b.arelths .»• - v r •*.: 

!i-v 5 i lietSnlt* nlitlSA tj the pouert of the banc 10 la -he deol«=al *y»‘ 

Ttoy «r« ouabtrod off c 'neountlvely fro» ’.eft to right. am + a? to a 

ttena nostora c< .Toipon. .in* -inatly xlth ie iiov.i. t of 1 1 . > .*<» , tte de.i - 

point i* plated between tb^ unite CO) pi* e xid lie tertm \ 1) place 

She hi anry pi oe» (unite two*- . four*, ulgbti, tixteena, lielese. 

fcurtbo. eighth*. etc ) *rr aleo TViirberi'l -iivitly nocoi(1;; *o tt* .im/i of 

tt.e btae «?, tie otn^ry olct 1# placed catwe.j-.i thr unite ID) pin.':* -id iUo 
tulver (-1 plat* The afore, vb . place rnd <ilnt arrem.eont 1* tte trai* i ■ 
bf-th daclanl and binary eyiitms 




r 


e g Declnnl Piece and 

—Jifr W ? > 1 »3 a Bo I t s 

— Ha. _rsr?*t 

308 

1C1 0U 

Conrerelcn of l*aol pi Ho nbey n to Hirry i<vn>Vflt| > order ‘e -jo 4 -*rt 
U’.aber freu the de*-oal *yt<U' to .b.j bjuiry lye-ai. :ti .u-ttr i.uti be 
clanged fros. *o vwj of 0 to po*.e i of 3. tharefece, pc»e* «I Z are taken : . 
of the declixl i.u»b(-r follow tb* work a >•»« at 'ho «t<* i ~ho ihr«? exfu . 

Hv nnol c 1 Ql /an 16 

To Vlad- Binary bqutralant 

Mi '.hoi Van* but of the decia.-il itunher. 11, lh« Ugbert 

povsi of a, • 18 ■% Z 1 4 1 In no* ;1- *4 ts binary 

place Ho * c > rreepou. iu.» to -he peve. of a fcuod 

lubt.acting 16 frow 19 hv«n 2 li e hi,--.beat paver 

of 3 in « le 3^ ■ 2: t .erifora put t . in bia.v; 

plac. *o 1 lubsraotl rig I froe 2 ltrou O, no the 

aonr»raion la uonplete-i, >lncin 4 rtc worn the 
% 

only power a of - in * gi’on . u*h t. n appear 
only in Unary piece ail 1 the oo iffictente of 
the on eppear pouei* *uet liere tee srro no f«ro* 

•ore nt»rei ualer all the <ofch«r binary pi :« ansberi 
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6? 4c 

Heport 1 
Aimalt ■ 

CHreo- "30 

2 b I Ini- '-In*:-} &nl relent 

9 

Method' The hi grid it power c.f 2 .a 730 •* '<■ \ 10 n 1 out Iti 1 

’30 - 612 * 3X8 

The high-tat power of 2 in 218 li 2^ * UI 8 * • * * f W 

218 - 138 • W 

The power of 2 in 90 li 3® *> 54 " r * * * io 

90 - 6 -t * 26 

The hlgbiat power of 2 .n 26 la 2* 16 

26 - 16 « 10 

3 

The U ghait pcwnr of 2 t 10 li 1 T 3 unto « 

10 - 8 - 2 

The hlghaet pcw«r of S .0 2 it 3 1 « «. ■ * 4 • 0 Jc 

#0 other powart at 2 apperr ei '.iitlr ooej'f .< lent a cue' he xt.ro 


Oifan. 10.621 

To find- Binary 1*511 relent 

Method The Mgh<'<t power of S .n 10 6 ..t> • 2 5 8 eo 1 gpa In 

10.Set J ■» 2 626 

The hJgh»jt power of 2 :.n 2 61S le 3 l < J ’ * * * • c. 

2 626 - A ». £28 

The hi cheat powar ot 2 in 626 li 3 « b ’ ' ' * * '© 

*28 - 6 .* 128 

The hlgheat power of 2 :n 128 le 3 «* IT5 • • * .© 

12b - Lift « 0. 

whlon liullontee ooopletlon of conwerelcn Ho ether power] cf c 'opeer In '0 ■" 
to taelr ooefftoleute ere aero 


1 
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» 






•3346 

90 4 


wuu; aauBr 


Lj^e|.ual 21<v:a Mo 

| —)i*—2T^:Ss»|J 
ia | o 

7'jO ! 0 

.0 O'-l'j \ 0 






0 

0 

0 


0 0 
1 1 
0 0 


0 

3 

0 


c 

c 

0 


0 

1 


0 0 0 0 
0 0 0 0 
0 10 0 


i 

of 

0 

0, 


Glton 147 

To fl;uJ Blttar/ Sc^iivaltnt 

M«thod folic* t.'M» table flttn >alov 

* 3 

Tha hlgheat povar of 3 in .143 li J ‘ « 12b .*> n 1 got i _n Ho 3 

147 - 136 » 032 

-4 

no: t pover of 2 in orda/, Is 2 ■ 06.'f try. tnl* povnr 1 £ 

i« not oontaln-td in C3S, tc :oolllcl.irt of the ( 4) pl:jOO <* 0 


3 6 - 

0512 5. not 

in 

038. 

no 0 

in So (5) 

a 6 - 

015*35. la 

in 

022 , 

no 1 

in Ho (-6) 

. 0:3 

013620 ~ 

006:575) 




3 7 - 007*126. not in 006:373 to 0 in 6 o (7) 

2 8 - 00390625. in 006375 no 1 la Ko ( 8 

( 006375 .00.190625 * 002'ife9?6.' 

2 9 * 001951125, In 003466*;5 tc l In No 
'•00346875 - 001963136 - 0CQ51663l>) 

2 1 * 0009766686: not in .000616628 ao 0 in Bo ' 10 > 

2 1 « 01043828136 in 0051U .’5 eo 1 in Eo (11 

l 000613635 00046628135 0000*731 .'-76'. 

3 .000244140638. not In 00002/34378 «t 0 in So (13) ■ 
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§ 




I 


* 




»:st a r 4t«lj*#u • • 

i. ;k. - i it • <i .tbrjrl- aad raatgi SMunna far ■*.a la it > 

. i i I » . i ol , «ab«i i 'Shtr* I 

J »•; .!•>'. )'■ « : t . . f c.. S-JMI'I o'4 /-l at. -5*. tea ' A 

a cpli * tJ. « i f atal» L t,t'. fn ram e-thort 'f it )? In-gar tlu 

j* ^ t* -L'. ■ hr rotator tor h» .•os&lcf.r t a 

# 

/ if t» j , . -i l ■ 

X i lj el » put in ta.- 1 ilrs* IT 4 bluet it* i.iv-jh tltolvnl 1 

UiflA *1 X S*3{» 1.' a . » . ? j leC«- it 3 tiM ■ : > IK rclnii i 

trfgt: ta 3 * £ 3 (» li.e 1 . t put ir the - J .3 ttw tier thl 5 

leubl: n" tbo ciutor (or ita r««wjir. '•! efter a*»if of 3 1 tik»n on* • 

1 n}i 1 nonpar;..-.-: it *: tk 1 if :* rr.*nlt ^e >,ui jx«i .rr .hen 1 > 

t lain md ’.t * doit in,; piocev • t» re o-i tt.e v vn\\ tvler 

• 

than 

fo 1 ntf Str.ary irrslTelert 


it.jtt.jh 

rt 

lortsr earned at triad out by Mio v;. 


It 

•7 ? 

6< 

(If to. n 1 rrota 

In ?o. 1 ir 

not, «■ 0 .50 »a la 

It 

147 

3fT 

(rt BUMS 

• So. 3; • 

A 6 •* 

It 

17 T- 

153T 

(■< * r « i» 

* So. 3. * 

4 9 1 


'hi* seihhd ataita out by naklh£ 


It <3( 14?' tt IT (If vo a 1 it ot» la Kc 1; If cot. <■ 0 y> ’ • \> 

..'xs( H7)z:ii » * • “ * • J • - 3; • " ' 

la 3r3*2(. 147• * • -3 if not r r 


3 .4?) ■ £94 ill l tar afore. 0 In Ho 1 

' . ( it?' ■ taa ->1 

lS(.14T)a llTtrl 1 

(1 .76 - 1 co: » 176' 

I 

a( 173' » 363 -tl tfcrrjfore. 0 -.B He 4 

3 X ?( 176) - 704 ill " " * So - 5 

3 x 3 z 3( 176) ■ 1 *:C 8 *->1 • l ik- -6 


» 40t>' 


(1 403 1 COO 
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?.{ toe) 

m 

616 -i'.'i t . . / 1 

in 11 


a x 3 ( «oe) • 

1 C32 

^-1. * 1 

" 1c. 


U 633 

1 000 =» 

633 '' 




3( 533) 

m 

1 864 

:ml. therefor* 1 

in F:> 


U 3ft 

1 000 « 

■264' 




a( 3-id) 

* 

146 

1 therefore, 0 

in K 


8 x 3( 264 1 * 

1 CS6 


in Sc 


(1 066 

1 000 

066' 




81 056) 

IS 

113 

t: ’eforo. O 

In 1c 

13 













Till* result chocks vStb the previous oa t> It c;u uloo b. ahova the' 

it t. dacitul vopetfcs iita.f In tha decimal nyaton t Bit r«prawn ItcslJf la 

tea binary syai/na 

*atr.ura},v'^M.L£‘RUU, fofkirj ta.Vig. PaaytiL.*- .an d -ea t nc«it«: it. 
the tiiiury ayeter it ii alvc.yi a b tip to cutter to .onvft >t o lio daclial- 
nyaten Tho cor.v rtod nrtnbnr io oliply tie »u> of tha patera of 3 vheae 
credence In the g-ven noa’.ter 1; indicated by La it tho i.rreepooii ng binary 
-lncea. 


Binary 
i'lact .... 


_SL 

3 2 X .q... 


Dec lea. 

•3. -3. ! liplTi.unt . ... ... 


1 

O 

110 1 

0 

1 0 1 ls< 3 4* j 2 3 •» 1.2 3 + lt3° + 1»2 3 - ; 


! 32 ♦ 6 4 4-e 1 4- .26 - 

'« 3126 


The coefficients of the other powers of ;= ere *er», o t iey o not < i 

tribute <.o the conve-ted :.n*tt-r 

Vddition - hlnoe i la the largest dixit V 1 U’o blur/ tyi.twi it l« in( 
that any eua larger than 1 amat b« ••opreseatod w.Ui the nil of cer yoiera 
Therefore, no matt or how many l'a ere add*' tap ir.e col >»,». • ht eaolt unier 
that col etc am at he a 0 or a 1. tlie reat of the «ui it carried ere.- to lta bit 

notattoo and eet bo at thi hrac o ‘.he ad.' /j oat oolvama to .1 •• ' f ita o».-rjrct 

fl*OM» Thun. 1: a ma et I ‘a In a coin* t .do n; to • : 10 14 - 

binai notation) n 0 la put at the bottom ol tho aoltuen nil th ■ 1 ■ trs pc 

at tha head of adjacent ccluuxa to the left ea .1 nrrjor«r » th * i the e . re - 

adding tha l’a In binary laehloa at each nt»p of Urn ooluciir ■- * ion 


U -a ■ io, 10 + 1 *- 11. 11 * i» 100 100 • _ « ici m 1 • re . 6 ) 
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deport Ml 

# 


• e * 

i 

io a u 3 

111 


ino:. 




a 

- \ JL J 

.101 

.6 

.lieu; 



10 

5 

11 3 100 « 

1 .00 

12 

moon 



(A'he >.sa} l Disbars 

abavn -ac xiBip.Bii 

ext. onrry c »»r f igua< 

c pot lo 

for mi* ti 

foliovia t ; addition pro*«dur«.) 

• 







• o * 



or. »oi n coolly 


eg k 

7 

111 7 

111 

7 

m 


Adc eiwi: 

311 

3 

110 6 

fik? 


119 

.3 


101 

5 

011 3 

io:.o 

10 

1101 



001 

1 

111 7 

1 

6 

J&> 

3 


100 

4 

010 3 

uu 

16 

1000C 

18 


ill 

_7 

AQQ .4 

_0Ol 


- ill 



non 

37 

1U01 33 

10000 

16 

13111 

23 





-WP 

J 

QL° 

-Jl 




• 

10100 

20 

11001 

36 





lil 

.? 

. MB 

_ 3 





non 

37 

moi 

39 

3m 


lua treotl oa Suttroatloa ..a bbsoc. oo th* lollowln* *0«« 

4 C fra*. 1, olv&yt glvoe 1, nr.d a 1 froa 0 alvoye giver ’.. au> '.h- letter re 
quires ''K»rro-»iaj e frca the t raluta t- the left u . 1 i the ilrn- so uia 
to tew loft 1 # reduced to 3 by borrowing. * 0 it it* fii », coluva is tie loft 
le reuucad to 1, emu leg tae liglt Id the .«»eood coUonn •/ .r to be reduced, ot. 


0 

10 

3 

o. 

100 4 

e 

1000 

& 

0 

mo 

14 

1001010 

74 

t'inunad 

Jl 

a 

-a a 

-1 

JL 

-i 

-l 

oi.-jj.ca 

61 

.'ubtrelieif. 

1 

i 

011 3 

oni 

7 

1101 

13 

oar, ioi 

13 

Mo«ai ader 


Tue it n-'l nuacere allow ho- the dlgltu are Utmgud by liar I'^i ^ See &1«> 
SdbJuCiJS-lvao under "Ccwpleiiente 1 


\ 


1 uj.UpHiatloo Knltlpliaation in thi binary tyet» > done < vac .ly ne it 
the doclnal eyete*. id 9a*<id oo the rul pllcr.tlca tub. i 0 a'l > 0 . 1 x 1 =! 
0 x 0 • 0 . 


1010U 

or 101011 

43 » 3® •* zl ♦ 

4 ♦ 3j rultlplil BO t 

wiua 

WUlg 

.■*€ + 

■ + r bunt pi w 

000000 

loionc 

306 


101C11 


L??- 


101011 

100000010 

l‘J78 

V re duo t 

1010U 




000000 

looionoio 



up m_- 

1210.UP_ 

1^78 • r » r • 

• 8® ♦ i> t J* ♦ ♦ } 3 • 

liuoinoio 

nnonioio 


• 




e 
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6M6 

Repo -t 10 


£i- t.Vin 

deci.itl 7 c c e » 


dlrielon to the bluwy tyeUo l* aeirled ct' exert! i> ' .1 the 


1) 1 » 1 


ir~o 


Oxll 1100100001011001 

7 783603 

i-h* :lr c.5 Qn.titnt 

3 i n 

Tiouooii oooooaiooooooooo 

33?i79 000555 

l* + ,3 l U, c 7 

JLUm 

w 

3‘: » 6 

0101011 

XbO 

2 '“ « 0311’SO 

i",a - .020 1 76 

a*r; - ox) 2 n 
3 - 000122 
a' 16 - .mis 

_JLAU1 


oioiooi 

190 

. l&li 

-ifl* 

0100100 

60 

_isaii 


0011010 

140 

7 733017 

-_iaui 

1® 



00011000 

_1Q1U 

0000100300 

00100100 

0011010 

lfllU 

11000 

C001 


300 

1 S 4 

IS 




li ithoula be no tod lit.t 1c order Co Rtt cru decimal eiulvuent of Che 
binary qrotiant to aqj-al trie (.oolsal quotlnnt lo 6 djciarJ . no <a be wintry 
division bad to be carried to 16 binary placet 

Ootnclan onte the ordlna-y cospltuent of a number In It- dtcli 1 tyntoa Is 
obtained by subtracting thn nunter froo tht- next higher potc o * 10 » ( 

Cciap.'ea rt 16 =» 100 « 18 = 03. Th* ordinary oorjleajnt cl i nuucor mt.be •mar 
ayetiei It obtuinrd by subtracting tbs rxaber fron t'vj next higher p.<i/ar of 3 
• g Complement of B « 3^ 5 * 8 - 6 * 3 It can be *hc»i tfc »t t in ordinary 

complement of a pover of 3 la that power of 3 itielf Set £r«a,.le i 

Another kind of ixmpleaert of a timber is obtained by sub .ractlag tbo 
comber from ay hlghar powr of 2 Sot its it* used tinder ’d^mp emo its* 

(a. SftWiricUcft) 

(l> (3) (5^ 

Oletn 100101, 101010. 10000G 

l’o 11m dinar;- Complement* 

Method Subtract froa nest bight,r pover of S 
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Ho lor, 90 


(1) 1000000 

64 

in) ioooooo 

64 

; a) ioooc^o 


.100X01 

±V. 

JU1QUL 

zM 

.URtf> 


001101.1 

zr 

0010110 

■a 

0100(00 

39 




Another method for ..lndltii; the ordinary ooj^v'nnt of i an bit 
li the binary eyatcus la to latarahange all 0 » ord 1 « ,v -m uid 1 

(U (a) U 1 

Given- 100101. 101010 100000 

To find Binary Implanon t a 

Hethod Intercnaage 0 a and !*• raid add 1 


(1) Mo 100101 auaber 

011010 Vnterchw-|.a 0 a aeid l'a 

_1 add 1 

011011 oonpluner.t 

(3) Ho 101010 

010101 " 

_1 

010110 


(3) Ho 100000 
011111 

_A 

100000 


Thtaa ratulta cteok with those above 
'.a) Snbtr actirn 

Instead of lultraottog one nu* wr from another It la poeelble to 
tnce a eoaplaront of the subtrahend and e'i tliat cjmple t to t i r attend 
prjvlded the power of a whloh w*.i added to the aebtrahn 1 ta ord< r t ge: 
a jonploaent la subtracted frw the anew I'ractioali/ subtree tlAg out t 

ad-lod >o>wsr of c tat an* dropping the 1 In .ha leaf binary -,>lace or fch- le t 

If tha povar of a u»ad In getting the ooiyleannt la gr .ben that co ital; t>- 

In ult.ner ouaber If not. than the power of a auat be .. ibtrvctei out by tha 

urt.nl subtraction Bathod 
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634C 

H sport itD 


* e 


. auco 


(louuo 


local « 


10C1001 


* (10000c icon) = uoiooi *• icckjoi •» 

h eoiapleient of subtrahend 


1011100 

10111C0 


(lOOOOCOO 10011) =» 
(lOOOOCOOOOO 100111 


.uooioo: 


l OOlOOl 


10001X01001. 




OOO'.iC 

lOOOOCOO 

) 

100:001 * 100010c.:: ; 


Ssaiiar -nfotr»g£lca 

10111X 

-JL2S1J durbar 

1001001 /.nmr 

S’jbi '■'Jt '.oii Is A dditi on oL^onslffliSfijiS 

1011100 1011100 
01101 Complement 1101101 
1101C01 tur, 11001001 


_10QfiOC 

1001001 Answer 


JQeCOQQg 

c 10c 1001 


101 uoo 
lUUSLUa 
10001001001 

IQftU&fiSQP 

00001001001 


Notice tbet In the two exenplot on the ri dr > ole* ti s 1 tt. 1 u ti 
left In tb-j suo given l be cone result ae ea-trrr- tlii£ out tv> ptwor of . ndded 
get a complement. becnuse the power 0 r 3 Aided. mo { .-eater -hnn (ket c^nta .ltd . 
either auaber 


w«vk Li tar e 

,io 1 ^ y2.0 


111* 

lo *10 X 


* lo *10 


,3 S 


Binary i icbor , prohnblj -focld have 
to be vonrortsi .0 the decimal 
tye’om for Intelligibility In work n<: 
with tle\r no , . ategriO povors 


lo *l0 U * lo *10 7) 


JlMt. '■) 


lo« 3 l 
los 3 3 
log 3 4 


- 0 

r- 1 

a S 


loej, 8 

10*3 au 
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5.T45 

•.•port (X) 






t * 3 


*«»•% N 


lo 'l0 


* 


3* 


fhnr lior.t 3 X * 10 y 


• .4 

ln ^o - 

<3 

log 10 10* v 

3 

at 

i- lc «lC 10 • 
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tbs bleary systvo. ttars In aluo ono'.ber we; r! •.nlcijr iar« 

I fo.lt • o. •. •• .V. .' • '"1 

l) Thu radton.-id It mt.rhefl. off In pairs to tho left 
uni right of the binary point 

■ it) Twloe tne -tj«»V §c frr o >•'ilnoc. with h 1 pieced 

under the right hand ctltft of the fleet, ran zero 
pi.tr la th» rndlceml, (3r, 1} li subtrixted fros 
the first pair of digitu where both digits f 0 

3) If the rer.atncsr 1* *5.0. a 1 is placed tn the root 
place above the pair If the remainder is 0. a 
! 0 is placed in the root the previous :!> 11s 

I removed, and the nert pair of i.lglta In '.ought low 

fron the radlcaad Aa before twice tlu.t total root 
with a 1 in the last place on the right (3r. 1} It 
subtracted fro® the previous renainder vlth digits 
brought down In other vorda, i’r 1 in subtracted, 
at such steji in this rooting process there r is the 
total root so far found 




01van * 11001 


To find Tho square root by thr second aethod 


Method 


(1,' vT 10.01 (1) The digits In the rwllc usd are 

Marked >rf tn pairs to the Left 
and right of the binary point 


i a; *11001 



10 

(3) •-•TioiiT 
010 

uiminci 


(2) (2r.l) Is subtracted fron the 

first pair of (con-saro) digits 
(2r.l) aO, 1 (The root so far 
la taro locause no root has been 
found as yet ' 


(3) The ream Oder la aero, so e 1 
goes in the correspond! ig root 
place above the first * nlr* 

The next 2 dlfltf are brought 
down 2r. lit subtree'..*1 froe 
tbs reminder with dlgt;s brought 
down 

Cr 1 * 2(1). I « 10 1 

The reiai.tidar te.lt tlae la negative 
therefore, a tsfo gnea a the 
second mot pleo and tm» previous 
2r. 1 ts rsoovat' 





PPROVED FOR PUBLIC RELEASE. CASE 06-1104 





. i 


\ 


» 


8340 

Uopo rt 90 


5 


10 1 
<45 tfooi 

X. _ 

01001 

„1QQ1 

0000 


Thr next 3 dlgl'. c ai ' > ii; X 

<tovn 3r 1, In -*& 

from tht r ■.'iilnr or vith U- 
brought <U>vt, 

Zv. 1 «* 400' l = 1 07. I 

This r«n«A:ili‘' 3 s *srj r' i. i 
tpse In ttw third root p F-oi 
Tho rematai' In sero aal tl.sro 
ero co morn ; tax s dibits to 
brought do'*:. no the rooting 
process Is i 'apleto 
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Subject - olaetronic blgltal Computer JJevelopaun a H J •1' 

reference* Tho following text was presented ai t conference 

paper before the American institute of olaotrlcnl 
hng .neorc at their Hlntor Ksetlrg, ThurBi,-*y. 

January 30, 1947 in Mew fori Cltj 

Vritten by Jay w. I'erroster 


Since the time that Ur. Vannever dish designed ties, 
first differential c ualyser at the liosap.chusatts Institute of Tnehnology, 
research there baa been active on coroutine aide v the engineer and 
scientist The pree< nt development of a high-speed electronic digital 
computer re suite naturally from the p.o-vnr reeearch of t> i • Electrical 
Engineering Uepartaeut r.nd from the wartime development a t the ‘1 I 
Set'votaechanl^nrt and i.ndlntlon Lafcon,', Ties The program at the H i 'f 
oervomechenlerne Laboratory to develop a high-speed clectralo digital 
computer la sponsored by the Special devices division of Via Office of 
(•aval deee'iTch. 


The fields of pure and applied science and sngluoer 
)ag today face icany problems the solution oi which will b9 practical 
only when iev an! tr.inendeusly mors powerful nutor-sili- computing mncMo. 
ars nfailnble Seve al digital compute re have alreuo:' been built at 
various laboratories i B the United States 'hsee ire elruady Itnovo cj 
arc discussed in oth' r papers at this convention listing technique* 
must be extended towixd higher computing speeds anl greater internal 
storage oejwelty to oolve problems of aver lncrensl ig urgency on !; t; 
these problems aro subsonic arid supersonic airflow around highspeed 
aircraft; ralaulatlo s of stress and vibrational character letloe of 
structures; and solu' Ion of electric circuits, servomechanisms and nuts* 
mafic control system. Outside of engineering are Important appllcn 
tione to statistical analysis as encountered by wha lirparVaant of Agrl - 
culture, huhllc Heal't, and the Jlurono of ths Jerisus. 

App lection of electronic digital .-.onputRrs will in 
tine be male to control of chemic il plant processes and to what le oiten 
called the 'automatic factory" 


I 


hefore discussing technical hl£)ill,th'.s of tin? research 
at tt.I.T,, lot us rs!;all throe Important characteristics of n computer 
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of the type being considered 

1. i'lrst, tho setup of a neb problem Is accompli ted 
without physical charge to the computer Yhn. it, 
mechanical Bettings or twitch** are not ueed to 
describe the problem and control the solution 'the 
control program for a new problem is auppllou a* 
data on magnetic tape or photographic film. 2M« 
film 1* then read into the internal memory of the 
computer where any order can be obtained within 

a natter of microseconds under automatic control 
of the computer Itself 

2. Second, the computer carrlee out a scries o: arlth 
metical operation* one at a time It, 1 b therefore 
equivalent, except In speed to a human operator 
who does one operation at r. tine while writing each 
partial result in a notebook 

1'hird, such a computer, besides tho basic a.ithrae 
•leal operations of addition and nuJtlpllcntlcn 
will bs able to sake choices Ihs element of 
alternate choice la a nearly ladlspenalble feature 
'1’hia choice parnits the com.utnr, as efton as 
denlred, to select one of two alternate computing 
sequences depending on tho cut core of tho computed 
results In the problem Itself A companion feature 
to making alternate choices Is the ability to In¬ 
sert computed results X.ito the controlling pro¬ 
gram lor example, chelae of alternate com, utlng 
programs arisen In com; station Involving termina¬ 
tion of an iterative procedure after tho required 
convergence of the numo rionl results has been 
achieved.. A simpler and note obvious application 
arises In engineering problems Involving the dln- 
contlnultleo of back lain and Coulomb or static 
friction 

insertion of compute: results into the control 
program of the oomputatl.n Is necessary for example, 
la Interpolation tho Interpolation process re 
quires use of computed r salts a« a control code to 
oente associated value* of an arbitrary function 
itlected values of the f notion are then inverted 
U‘o the desired interpolation formula 

« thine features result in a flcxibllr.ty not <novt. 
in exlstln.; computer» 
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bns ua mw turn our attention *o the rar**r< h arA da 
velupment program at M.l.'i! 

kor proper perspeet >t it should oe statec tnat :b> 
electronic computer research which ii c-e scribed it in Itr intermedia e 
stages anc. that a completed system does not yet eiist lr fact the 'Btire 
fluid of «lectronic • igltnl computer-. »j»s utly b«.en oioaei in n practice 
w.-iy and •> veral yearr will be raqulr l to ajplore ffsn.- of the engine rrlr.g 
applications to whlcr 1 will refer 'he else or ratio/; of a digital 
computer can be ,;Lv<>r by two values the internal mrnbuj itorage ee. .nclty 
Hint the computing speed Storage capacity Is a measure of the compuier s 
ability to retain control program an- partial numerloal results for utvre 
Uac. It correspond* to the notebook -scord kept ly the human cperatT 
of a deck calculator The automatic computer prirta out final resu'. ? 
onto paper or film and discards part nl results nc longer needed Storage 
must hold only She date actually requ.rod fer future oomjn-tatlor. 


The computer being unsigned at h I T 1« expected to If vs 
a storage capacity of 16, >90 numbers of 40 binary digits each i'Ule cor 
responds to lb,000 numbers of 12 decimal places etch 


Certain objectives c: the work will requite co pull ? 
gjieede which arc hi# evma for electronic ccmputerc- Multiplication of 
twe numbers of 13 de: lmal nieces eac! should require leeo than bO - 1 :rc 
occondo Ikll moan a that on tha average some 20, CM to 40,000 nrt'.hjs' 
operations can be per form-id per seed r 


It Is obvious that uch computing spaedc r re assent si 
only where a long eenuencs of computt .ions duel be repeated tens or un 
drees of thousand/* ol tlmee Situations of this kind arlrt in the soln' ot 
of part la- differential equations aiv certain engineering appllc- tlo t 
where the corj.ut.-r vl 11 control oeohnlical or electrical dev ces ope rat' i 
in real tv me. 







Tha arithmetic olen nt of t. e coej-Ht will carry o it tie 
basic oparn'ions of i.ddition and multiplication am probably also dlvlt on 
It will make choices of program and accomplish sutetltution orders so t 
ready described. All othsr operationn such a* integratlor.. lfferec: 1». 
lion, end taking roots of numbers can be readily icconpli rlied by its oat tvs 
or series procedures using these basis nrltlimetic operations 

In (resigning n con utcr a wide clcles in block diagrsmi 
la available The computer herein dlscueeor. will use the binary system 
of nuroers based on powers of 2 rather thnn powert of 10 Since onl/ the 
digits 0 and 1 appear, the binary sy 'tern lends itself well to eleotr.'Bl 
circuits involving trigger and gate tubes. Useful i.oas of tho bane 2 cr 
be rppreclatcd by recalling that the Sttltlpllcatlc c table is reduced to 
1 times 1 equals 1 and all other pro cts *«{ual sere In the computer. 
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nlglte of a number v 11 be trrnsmlttc eirultaaeou fly over par..! til 
bursa from one par' uf the computer t: *noth3r 

final design of an electronic computer for the char- 
notorieties mentions will be poaoibl? only after the perfection of 
many new technique') in video circuits) and data storage devlceo It la 
anticipated that *om« three years still will bo required for the re- 
eee *ch, deal,pi, anil t instruction of t la devices 

Hot! ids are being tested fo- generation, control, and 
gating of video pulm > of C.l microsecond duration at a 5 megacycle re¬ 
petition rate lsjpr. ieuente must be iale In pulse traneformera, switch¬ 
ing one! arithmetical circuit* To psnalt step-by-step naainl control 
cf the computer for t ilnterar.ee purpose most circuits uniat have d-c 
coupling. At the nan) tine the circuits sun', possess a band width ault 
able for 0 l micro uec )nd video pulses fulsns iviV-nr In aoncycllc nnnr.er 
and moat circuits mu; : be Independent of repetition rate 

A evitable number stjrago system ia being developed 
It. .g obvious that- a irnge of 600,00c binary digit) la not >ractlcnl wl U 
Individual vacuum tub is A hulk storage method la required The digit 
storage method for tli K I 1 compute • will be la electrostatic form 
The digits 0 or 1 will be atored as positive and negative points of 
charge on a dlelectrl) Insulating pi/ e Thene chargee can be placed 

on a dielectric eurfp i« with a cathode ray bean At a later time, ths 
bean can return to U t same locution 'or selecting nnd reading the stored 
signal Into an external circuit One ran expect tu store charges apjrox- 
lmately 1/9 Inch ap.-r . on a dielectric surface with a suitable tube 
Storage of signals ft - sufficient per .ode of time liai already been demon¬ 
strated and clear out <ut •t.-jnal* can is obtained- Charge In removed froa 
the dleleotrlo by sec indary or '>«'.cii in ass 1 cned yesterday morning in 
the paper by Dr Du b-ldge. As yet, several problems in the collection 
nnd control of these tecondsry electro g hnv< not been solved 

Reliability Is s mat sr of rsajor concern In computer 
research in many el ictronic nnd com siulcr.: .on problems, sietl noise, 
or ether momentary disturbances can b- tolerated. Hers, however, we 
find that the momenta.-y nppenrunce of an extraneous signal nay alter the 
order of magnitude of a numerical value Wlcie tolerance ratios must be 
provided between signed nnd noise level and between transmitter and re¬ 
ceiver signal specifications Checking circuits must oe bn It Into the 
equipment wherever po islbla to detect ind lnc.lcate Imp oper op»rst on 
In spite of the enver < video band vld h requirements, vacuum tubes mast 
wherever possible be operated nt lee hnn rating 

let us now turn our attention to applications of the 
hlgi speed electronic digital compute There can be divided broadly 









PPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




Page 5 of 6 ;j i<*o b 


botvoen mathematical .inrt control compulation by mathematical ooir; ut|. 
v Ion Is meant the solution of Individual problem* pertaining to th.a 
field* of mathematics physics and engineering and lo the application 
ordinarily visualised. 

Control computation can t>c tfcs repeated rol itlon cf 
the name problem for directing the operation of a physical system r. n 
for exactple the control of a chemical prcceos 

In pure mntlicant lc a high speed computers will persit 
exploratory aolutlona, on a muss r leal basic of non linear and par i-.\ 
differential equations The-e specific results uay then lead '■« a 
e-ifflolent understanding of he original equation* to permit forrnu..,',lan 
of explicit mathematical solutions as has long ago been dins for U 
simpler linear aquations 

In engineer:rig problsmo the digital computer which is 
easy to set up and has high computing speeds Is well adapted to at'lo¬ 
tion of non-linear and discontinuous system* 


.Mr Dunttan In hi a paper on "Machine Computation of 
Hrwer lletvork Performance 1 '' hi a discussed uiwrlcal solution of a 
paver system*. 


Hr. lunstan cc, lamented that problem planning end ar-tup 
required a large percentage tf thn total tine contused 


With the r.a% slootro.-uo oottpu.srs, we enn antloipaU 
the reduction of set ip time through the use of generalised problem i o 
grams each of which would fit a large clase of engineering situation 
Such generalized programs to be opt In a library file might be Inef¬ 
ficient fron the viewpoint of « specific problnm However tjto high 
speed computer greatly reduces tl* emphasis on computing efficiency 
and shifts the enpharl8 to eat»a of setup As ipeclflr; examples one 
could have available programs for the solution of an nth order system 
of algebraic equations with real or complex coefficients Solution of 
such a system of equations would require only entry of the coefficient:! 
and the numerical value of n hike wise re multiplication c. metrics 

oculd be no programmed that coly th entry of i.umsricn.1 values an. tn 
dimensions of the ma'rices wo ild b ( re quin i 


After digital computers have been demcnatratod In the 
field of ranthemntlcsi computation will cane their application to en 
glnserlng control following ths development of the large and rat tas 
complex unite which we have discussed thore c n oe forseen a period o." 
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elsnpllf lcntion nnrt ’•e-de alfio l’or coat reduction which »!ii k n iiv ooji- 
putwr prnntlcftl for many foroe of proceed control vlti. »p;.J l:.«tlon So 
manufacturing, chemical plnn.n, nnd power •'enerntlo^ r .at lor. •< 


J'ltS" ala 



- t 
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the Institute of Kedio .inglnesrs nt 
their Winter Meeting, Tuesday. Marc 4, 

1947 In New fork City 

Written by- Jay V i'o: res tor 





fhle j aj<ei is to be an introduction for today s ness-on 
on electronic digital computers rather than r d'-scu.nlon of the h gh- 
speed computer research program at li.i 'I 

before enlarting on the subject of digital computers 
we should first clearly asperate the two broad classes of computers — 
the digital machines rs distinguished from analog machines Analog 
computers men.ure physical quantities such as mecikaadcal motions or sire 
trloal voltages to represent numerical vnluen of ti.e ccuputatior. Hxi a- 
plas are to b< noted In the mechanical or electrical fir* control com 
putera, the differential annlyier and the electrical a s network analyser 
in the analog machine a commuting element such ns an adler or an r.te, rater 
is required for each latleiottoai opeiation in the problem solution Kiel 
s collection of confuting elesw-nts la indicated in Graving Ar-3033? . i 

the analog computer, the problem t solved in described by the phyt teal 
connection of the elesents 

A network of contractions describing; a jartlcular pro lea 
is shown in braving A 3033b The analog computer w .an set up fer an c - 
dtnary differential conation gives tne ore t ion's, ly a correct solution n 
practice, however the sc lotion it limited in accuracy ay the physical 
tolerances of the component or chant ass and by stray signals, mechanist 1 
back lash und noise hrecleton of one part in one Ihoreand ie goad t itd 
perhaps one part in trn thousand is tie swtxisntm obtainable 

Un tte other hand a t lgitel computer uses numbers on n 
numerical or arithmetical basis Numerical .lines tire handled rb digits 
rotter than pt/steal e«*n«urenw’nts and. as in ;be desk calculating nnct ln« . 
one esn provide for as many decimal places as desired the solution cf 
an ordinary differential eaua'-ioa ay numeric*, methods If theoretically 
Inexact beceu e a continuous process ins been replaced wit)’ a step-by step 
process The numerlcsl solution, however, can be aide arbitrarily aa 
good as desired by selection of more decimal places In the cal uli.ttoi ■ 
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mi t shorter Interval between solutions. 

la Drawing A-30339 li> the Dloc-S dlarP’ftti t a <i-.l 
coir; iter of the type being described at the convention tociy "hyelci 1 
lnte.'connection of the coinjut-r is fixed arc independent of th< c.-obli c 
be In.; solved Ieoh element cun transmit oi receive niw ■ • e on a cent, il 
Itus jyntera Operation In mat omat lcally Identical to i human operator 
with n desk calculating nnchl ;e and notebook 

The plan or sequence of calculation Is known e a the 
cont-ol prolan and In stored ns ft serloe of coded signals to repress: 
orde -0 for orithnetlcnl opsrrtlons 'Hie octroi olnncnt receives frot 
step-it 1 * thin caced Information describing t’* series of numerical opet a- 
tloni to be performed In response to these si/praln tne control trai s- 
l'ers numbers lu digital form between the remaining elements of the coi 
puter 

The arithmetic element of the computer Is limited to j 
few Jftalc functions, ouch ne addition, eubtraction, multiplication, ail 
division all other operationn an for example Integration anc. extraction 
of roots, are accomplished by series or iteration methods The arlthr-tlc 
element performs a single operation at a time receiving Inputs from 
storage and sending results to storage 

'i’wo other nearly lndlapenslble operatloce are perforr sd 
by t;ir arithmetic element One Is the exercise of choice for t.he sel«'• 
tlon of alternate cor.jutln( aoquences dependlag on numerical result® 1 \ 
the computation. The other eaeentlal operation ie the substitution o: ,er 
permitting the Insertion of a comp’ tod result into the controlling program 
i’or example, Choice of alternate computing programe arises In :omputa< Ion 
Involving termination of an Iterative procedure after ti« retired coi rer- 
genco of the numerical reeultn lias been achieved A simpler and more b 
vlouo application arlf-er lr. engineering problems Involving the discont.n- 
ultles of back lash and Coulomb r static friction lh-* substitution r ler 
can bi. Illustrated In the process of interpolation A i.urrrlos.1 value of 
the argument, l'or example x, arises from the computation process rh‘ 
value of x met be used In the control program to locate the nearest \ »lue 
of a function of x. r —i 

["«,»• ' '%> *'VJ 

located in storage ihe selected ;nlu?3 of f (* n ) are Inserted Into ,n,v 
deslied interpolation formula for calc ’ lation of f (x 1 

Storige. which In electro ilc compilers will probably e 
of the electrostatic form, ie perhaps tlie most Important port cf the com¬ 
puter In storage Is retained the control code for the computation ni 
well ne partin' resulte It correspond e to the notebook ■ pt by tne h m-m 
«/-uputer bne form of electroetatlc storage will be described in tne ,aper 
by l)r ita.lc.inan 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


> 


A 






I 


634' -3- 

'cp' tt Ho. H 116 


The input mechanism irovldee common jntl.cn b(it«itc t is 
human operator and the computing udcKk It ony be to the l orm of dv g 
netlc tape punched tape or photographic ilia Che control cole nnd 
Initial data of the problem prepared by an Operator are transferred t tin 
storage from the Input reading mechanism. Hr Alexander will discuss In¬ 
put rAchnn" er? In more detail 

Output from the computer can be In several forms- h e 
hua-n use the output can bn presented graphically by photograj lo near s 
or In the form of printed numbers *‘or future use by the computer IV ell. 
the output can be In coded numerical form on magnetic tape or photographic 
film 


Numbers are transmitted an video pulses coded in gro ps. 

In svme computer systems, digits are transmitted In serial fashion fo'lsn 
Ing one ancther on the suma signal line In otlier systems digits in all 
columns are traneclttsd simultaneously over parallel conductors 

Host research groups lnvor the binary system of numb* r 
notation In v.ich only the digits ter > it one are used In tha binar; sys¬ 
tem the tv. digits can be represented by either the pretoncs or ahsonc* 
of a video pules at the proper Instant if tlms Vacuum tube circuits 
need axis' in only tvo stages and the - -eedo* from graduated signals .rest 
ly snhancae reliability 

Historically, the first attempt to build a digital c‘ apu 
ter was financed by the -irltlsh government in about 1B36 The constriction 
of a mechanical computer controlled by a sequence of punched cards tt lied 
at that time because of Inadequate machine tools nnd production mother) n 
The mechanical computer progressed ovei the last hundred years finm tie 
adding machlnn, through the desk calculator and the punched card buslt-es 
saohlcr , to the Automatic sequence Controlled Calculator at He-vard Ur lvsr 
city. 


The mechanlonl oa-'culatir is. However much too slow In 
operation and limited 'n capacity for m» >y of tne problems which toda; face 
scir ice and engineering Ae engineering activities become more complex 
and as scientific and cu the mat Veal studJes become mors daring, ve •ncturAer u 
ner.i for groator and greater computer ipeed, capacity, nnd flexibility 
Hr. Crawford will discuss for you tyj.ial epplloatlons of digital computers 
requiring high computing speed and sti>;oge capacity 

The first departure 'rom the mechanical computer Is per¬ 
haps found in the hell Telephone l«ibo • itorle s relay computers which are taps 
controlled and the University of Temwylvan'a tnlac whloh Is electronic but 
Is however, set up for a new problem ly manual iiwltcth and plugboard 
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1’roa the wartime development g in eleotronlci iave co >e 
circuit elements and techniques to parnlt extersion of compv.nj ra ln s e 
o'er those now existing by several orders of magnitude 

* 

The site or rating of a dlgltrl computer oen be des¬ 
cribed by two quantities the Internal storage capacity, ana the ooir. 
put' ng speod Storage capacity measures the ccoputer's ability to retain 
controlling program Information and partial numerical results Computing 
speed neaeruren the practicability of uncartaJclrg solutions requiring 
millions of arithmetical operations While existing computers have an 
internal storage United to i low thousand digits, electronic developments 
vlll permit storage of hundrede of theunandn of digits Wnere computing 
speeds were 11 sited in mechanical nnd relay computers to a fow arithm'- 
tical steps per second, electronic video circuits will push the limit to 
some 30,000 arithmetical operations per second 

• It Is opjarent that computing speeds of mary thousands 
of operations psr second are essential to the solution of problems re¬ 
quiring hundreds of thoussnde or millions of operations Situations of 
this kind arise In partial differential equations describing the flow 01 
fluids and heat and the study of electromagnetic radiation Lengthy 
series of calculations are likewise encountered in stress nnd deflect , on 
studies cf structures and In the behavior and rtnblllty of complex auto¬ 
matic control systems. 

Keallzatlon of computing speeds of thousands of opar> • 
tio.is psr second will be accomplished tlirough controlled video pulses of 
ons to sevoral megacycles repetition rate Computer research is directed 
ta< rd improvements In digit storage methods, pulse transforners, switch¬ 
ing and arltlimetlcal circuits In some circuit* pulses of 0.1 mloro 
second duration at a 6 megacycle repetition rate will be required To 
permit step-by-step manual control of a computer for maintenance purposes 
many of tl.ise circuits suet be a-o coupled and yet have a band width to 
pass 0.1 microsecond pulses Kulsea in most circuits normally appear In 
uoncycllc manner so that operation must be independent of repetition .-ate 

Hadnr and television research of the last lew years 'las 
established the foundat.on for such systems intensive use ulll be made 
of pules transformers, crystal diode rectifiers, and electrical delay 
lines. 


I'evelopsentf In vacuum tubes leave much to be desire; In 
reliability and especially In the knowledge cf thoeo factors that n- 
fluence and predict tub* life Io the high speed electronic computer 
there will be two to ten thousand vacuum tubes, the failure of any on.- 
being sufficient to step the computer 

Reliability Is a matter of major concern In computer re 
search. In many eleotrorlo and communication problems, si tic, noise or 
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otarr momon-ury tiletu: banco* can to tolerated Herv, howe- : c .nd 

that the momentary apcaaraJiae of an <xt r.ineoun ilgn.il any iJ tor t: a or \t r 
of n-agnltud.i of a numerical value. title tolar.uce r.-.tlos r-..at . n 
provided be ween eign.l md noise level .md bc-veen transmitter ci.d 
receiver signal sped flcatl one Checking clreul te most be Vullt Into tho 
equipment wherevor poeslblo to detect rnd indict te Itproper operation. 

Il spite of video bond width requlrenerta of 10 to rC megacycle*, vacuum 
tuber, mutt, wherovor possible be opere.tod at lose '.Inn rating. 

The flexibility of a computer euu as herein dlecussod 
dls'lnguleh's It from previously aralltble equipment The machine la con 
trc'.led by data nvallablo to It from tcpe or film and physical r.rrongement 
of the computer Is not altered when a r.ev prollem ni l sen Iroblono can 
be. setup In rapid succession and the operator c«n rrt-irn to any previous 
problem in u mattor of seconds A library of control films can be vccimu- 
luted and selected to fit new problems 

With the new electronic computers we can jatlclpnte the 
•eduction of setup tins through the use cf generalised nroblera programs 
each of which would fit a large class of ervjlneerln/-; situations Such 
general lied progrnne to be <ept In a library file might be Inefficient 
from the viewpoint of a apeolflc problem. However the hlgh-spsed com- 
puter greatly reduces the a-onhasle on aonyutlr.g efficiency nd shifts the 
emphasis to ease of setup. An specific exnnplet one co'ild have available 
program* for the solution of a nth order sy-teti of algeornlc equations 
with real or complex: coefficient! Solution of sue): a system of equat ors 
would require only entry of the coefficients and the nunerlcal value of 
n. M'cewlsn. the multipllc itlon of natrlces could be oo programed th.it 
only the entry of numo-lcal values an! the dimensions of the notrlcos 
would be required 
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